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Introduction

Models to describe the nuclear medium have been developed ever since the discovery
of the nucleus by E. Rutherford in 1907. One of the first major successes in the forties
was the so-called ”shell model”. The "magic” nucleon numbers, which were found to
have a ”stabilizing” effect on the nucleus, were predicted by this model. These magic
numbers are indicated in Fig. 1. Another model, developed in the sixties by Bohr and
Mottelson, describes the nucleus from a geometrical point of view, where the excitation
spectrum is explained by the dynamics of a rotating or vibrating small sphere (much
like a ”liquid drop”).

Although these models provide a partial description of the nuclear medium, the mi-
croscopic understanding of the strong (residual) interaction between nucleons remains
problematic. In order to probe subtle effects of the microscopic strong interaction on
the nuclear structure, new experiments are needed on isotopes where no data is avail-
able. This leads to regions of the nuclear chart with extreme N/Z ratio’s. Most of
these isotopes are radioactive and short lived, which poses stringent experimental dif-
ficulties. In Fig. 1 the stable isotopes are indicated with black squares, the radioactive
isotopes in grayscales.

Next to the microscopic understanding of the strong (residual) interaction between nu-
cleons in nuclei far off the line of beta stability, the nuclear structure of these isotopes
is relevant in nucleosynthesis calculations during the explosive ending of an ancient
star. ”Bottle-neck” or ”waiting point” nuclei are key points in the description of this
process and determine the final abundances of isotopes in the universe. One such
”waiting point” is ®Ni. In recent years many experiments have been performed in the
region around this nucleus : minus one proton = Co, plus one proton = Cu, plus two
protons = Zn, etc... In Fig. 1 this "region of interest” is indicated with a white dashed
square.

This work can be seen as a continuation of the spectroscopic decay studies of Cu iso-
topes, where the level structure of Zn isotopes was probed. In the present work the
quadrupole transition probability to the first 21+ state is measured via Coulomb ex-
citation, at the Radioactive Ion Beam facility ISOLDE with the MINIBALL gamma
spectrometer. These experiments will give insight into the development of collectivity
in heavy Zn isotopes.

This work is divided in six parts : 1- a general introduction is given on the shell
model and collective models, 2- a number of experimental observables and measur-
ing techniques are presented, with the emphasize on the B(E2,2{ — 07) quantity, 3-
the experimental setup (MINIBALL + REX-ISOLDE) is described in detail, 4- the
Coulomb excitation experiment together with the radioactive beam quality (contam-
ination) are discussed at length, 5- results are presented of the Coulomb excitation
experiment on A=7476.787y (2004), and 6- the results are compared to recent shell
model calculations, collective model approaches and the new data are discussed within
the existing B(E2,2{ — 0{) systematics in the Ni region.
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Figure 1: The chart of nuclides. The different grayscales refer to the decay mode of the
isotopes: a-decay, 8, 3~ -decay and spontaneous fission. The stable isotopes are
colored in black. The light grey area corresponds to the unknown, but predicted
isotopes.



Chapter 1

Nuclear Structure

Since the early scattering experiment by Rutherford it is recognized that the atom
consists of a small massive nucleus and a diffuse electron cloud around it. The nucleus
consists of positively charged protons and neutral neutrons, both referred to as nucle-
ons. The small difference in rest mass between them points to a subnuclear structure.
Indeed, the nucleons consist of elementary particles called quarks. Three families of
each three quarks are known today, where nucleons consist of ”family I” up and down
quarks. Nucleons are strongly bound together in a volume of radius ~10~!%m, which
is 10° times smaller then a typical atomic radius (10~'°m). The fact of strong binding
over a small volume indicates the existence of a strong, attractive and short range
force acting between the nucleons, overcoming the repulsive Coulomb force between
protons. This force is called the strong interaction and acts on hadrons, particles with
an underlying quark structure. The saturation property of the binding energy per
nucleon indicates that the nucleons interact only with nearest neighbors, which can be
shown by simple arguments (see [Cas00]).

Heisenberg introduced the concept of isotopic spin (=isospin,T) to indicate the dif-
ference between protons and neutrons. Protons have projected isospin TZ:—% and
neutrons have projected isospin TZ:—F%. Accordingly, a pp(nn) system has total pro-
jected isospin T,=-1(+1). The p-n has projected isospin 0. The isospin triplet T,=-
1(pp),0(pn),1(nn) has total isospin 1, and consequently there exists an isospin T=0
with T,=0, so the p-n system has a T=0 as well as a T=1 component. The isospin
introduces an additional component in the nuclear wave functions. Accordingly, the
interaction between the nuclear wave functions exhibits an isospin dependence. From
properties of the deuteron (1p-1n system) ! and nucleon-nucleon scattering data it is
seen that the T=0 component of the nucleon-nucleon interaction is the most attractive
and leads to more configuration mizing, collectivity and deformation [Cas00].

1.1 The Nuclear shell model

1.1.1 The nuclear mean field

The nuclear medium is a strongly interacting system of a finite number of fermions,
described by the Hamiltonian :

H= ZTF&—% > Vi) (1.1)

i=1,A ij=1...A

'The ground state is found to have nuclear spin J*=17 and total isospin T=0.

3



4 CHAPTER 1 Nuclear Structure

where V(i,j) is the strong two body nucleon-nucleon interaction, A the number of
fermions and T; the kinetic energy of the i*” nucleon. This Hamiltonian can be re-
written as

1 .
H= Z (T; +U(ry)) | + 5 Z V(i,j) — U(ri)| =Ho+H; (1.2)
i=1,A ij=1..A i=1,A

where U(r;) is a central "mean field” potential generated by the nucleons themselves.
The first term, Hy, describes the motion of A nucleons, independent of each other in the
central potential U(r). The second term, Hy, is referred to as the residual interaction
and describes the interaction between valence nucleons. By an appropriate choice of
U(r;), Hy can be treated as a perturbation.

Historically, the first mean field potential (U(r)) started from the harmonic oscillator
potential (shown in Fig. 1.1 A), with additional interaction terms ol - § and Bl -
I. The first is referred to as the ”spin-orbit” interaction and a(r):UZS%dig), where
U(r):ﬁ with Ro=roA'/3 (rg=1.27 fm) and a=0.67 fm [May50, Hey94]. The
resulting quantized energy levels are shown in Fig. 1.2. In this approach, the known
”magic nucleon numbers”, characterized by larger binding energies and additional
stability, were predicted by theory. This model became known as ”the shell model”,
because of the grouping of energy levels into ”shells”, which are separated by larger

energy gaps.

1.1.2 Microscopic mean field

The original shell model utilized a phenomenological shape for the mean field potential
U(r), i.e. the modified harmonic oscillator potential (see above). A more microscopical
base for the mean field U(r) is governed by the Hartree-Fock (HF) method. Starting
from a given nucleon-nucleon interaction potential V(F,?j ), an initial 'guess’ of the
mean field and a ground state wave function of the nucleus, an optimized Ugp(F) is
iteratively calculated based on a minimization of the total nuclear energy. This HF
potential is given by : Ugp(F)=[ p(r )V (7,r)dr’ with p(ﬁ)zzj(occ)\\llj(ﬁ)\Q where the
sum runs over all occupied orbitals j. A two body interaction which is often used in
"self-consistent” HF calculations is the ”Skyrme force” [Hey94]. An example of such
calculated HF mean field potentials for protons and neutrons separately is given in
Fig. 1.1 B for 1997n and '°°Sn. The neutron density is higher and the nuclear radius
of the neutron volume is more diffuse in the neutron rich 1°°Zn, compared to the N=Z7
nucleus 1%°Sn.

1.2 Residual interactions in the shell model

In the shell model, nucleons are grouped in shells, separated by large energy gaps.
Valence nucleons move on orbits belonging to a shell which is not completely filled.
Because of the availability of free orbits in the valence space, valence nucleons can
scatter through the two body interaction from one orbit to another, yielding the exci-
tation spectrum of the nucleus. While in the mean field approach, an optimized central
potential was calculated in order to minimize the residual interactions (Hj), the shell
model approach focusses on the properties of the residual interaction between valence
nucleons and incorporates the effect of the underlying core in the so-called effective
residual interaction.
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Figure 1.1: A. Schematic mean field potential : the harmonic oscillator and the square well
potential (A=100, R:1.25A1/3). B. Mean field potentials and nuclear matter
densities calculated with the Hartree-Fock method and in the Relativistic Mean
Field approach (taken from [Dob94]). The dashed/full line corresponds to the
proton/neutron density and mean field.

Whereas mean field theories calculate global properties of the nucleus, such as bind-
ing energies, root mean square radii (<r? >), masses and half lives, the shell model
calculates detailed spectroscopic information, which can be directly compared to ex-
perimental information.

In shell model calculations, different approaches exist for the description of the effec-
tive residual interaction. A brief summary is given in the following, for a more detailed
overview, see [Mae06].

1. Microscopic effective interactions : These interactions are based on Brueckner’s
G-matrix theory. It treats two nucleons in the nuclear medium in a way analogue
to scattering of two nucleons in vacuum [Mae06]. The G-matrix theory deals with
the hard repulsive core of the free nucleon-nucleon interaction and makes the re-
sulting effective interaction well-behaved at short distances. An example is the
interaction derived by Hjorth-Jensen et al. for the 2p3/5,1f5/5,2p1 /2,189 /2 valence
space [Hjo95] and the GXPF1 interaction for the full pf-shell (1f7/2,2p3/2,1f5/2,2P1 /2)
by Honma et al. [Hon04]. Adjusted versions of these and other interactions ex-
ist, where parameters are fitted to experimental data in the considered mass
region where the interaction applies. An example is given by the monopole
corrections in the Hjorth-Jensen interaction [Pov81, Now96] where the resulting
interaction gives a good description of many spectroscopic properties of Ni- and
Cu-isotopes. Recently, the Hjorth-Jensen interaction was fitted to experimen-
tal data in the pf5/;-g shell, resulting in an isospin dependent set of interaction
matrix elements [Lis04].

2. Phenomenological effective interactions : The two-body interaction matrix ele-
ments and the single particle energies are fitted to experimental data in the con-
sidered mass region. Parameter values are adjusted by means of a least-squares
fitting procedure [Bru77]. An example of such an interaction in the sd-shell is
the Brown and Wildenthal interaction ( [Bro88]).

3. Schematic effective interactions : Departing from basic properties of the nuclear
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Figure 1.2: Quantized energy levels originating from the modified harmonic oscillator poten-
tial. The pf-shell and the gg/o level (between nucleon numbers 28 and 50) is the
region which will be discussed in this work. Picture taken from [Rin80].
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force, such as its short range character, a simple form for the effective interaction
can be utilized. An illustrative example is the delta-interaction [Bru77] and its
extension with a spin exchange component. The particular characteristic of these
interactions provide insight in the description of nuclear structure properties.

A full diagonalization of the Hamiltonian H (eq. 1.2), yielding eigenvalues of the nu-
clear energy levels, is practically not possible for many valence nucleon systems, since
the matrix dimension (H; ;) becomes too large. Therefore, an inert core of nucleons
is assumed which do not play a role in the excitation spectrum of the nucleus. The
assumption of an inert core with valence nucleons outside this core is called ”trunca-
tion” and is a key element in shell model calculations. A natural truncation in the
shell model is governed by the major shells, separated by large energy gaps. A clear
distinction is made between the inert closed shell (the core nucleus) and the valence
nucleons which are allowed to move in a selected set of shell model orbits and interact
with each other through the residual interaction, e.g. %°Ni(*°Ca) closed core + the
pfs /289/2(pf) valence shell.

The Hamiltonian describing the residual interaction between valence nucleons outside
a closed shell can be written as :

H= Hmonopole + Hmultipole (13)

where the monopole Hamiltonian is given by :

Hoponopole = »_ 65,15, + Y _ €5,1;, (1.4)

j7\r jl/

with €;; , the monopole-corrected single particle proton,neutron energies (referred to
as the ”effective single particle energies”) and n;_, the number operator in the jr
shell. The eigenvalues of the monopole Hamiltonian should reproduce the energies of
single proton(neutron) states in odd-A nuclei with Z(N) equal to a magic number plus
or minus one proton(neutron) [Smi0O4]. Hy,onepote is related to the evolution of the
spherical mean field and determines the position of single particle energy levels. The
higher-order multipoles determine correlations which are not present in the spherical
mean field and are responsible for configuration mixing between levels and the relative
energy splitting between different angular momentum states. The importance of the
quadrupole term in the multipole decomposition (A=2) is motivated by the fact that in
most even-even nuclei, the first excited state has J"=2". Pairs of nucleons are broken
by the quadrupole residual interaction and they create JT=2" excited states. It has
been recognized that many features of low-lying excited states, for example in even-
even nuclei, can be attributed to the quadrupole interaction [Cas00]. Mixing between
several 27 states will lower the state which is the most symmetric in interchange
of nucleon coordinates. The lowering of this coherent 2;“ state is an indication for
the amount of p-n quadrupole interaction. In general, the higher order terms in the
multipole expansion of the residual interaction are responsible for the distortion of
the spherical shape, e.g. quadrupole distortion for the 2 state. With increasing p-n
interaction, the higher order terms will dominate the overall structure and the nucleons
will display ”collective behavior” (see par.1.4).

1.2.1 The pairing interaction

The coupling of pairs of nucleons in the same orbit to a J=0T state is energetically
favored by a strong, short range and attractive pairing interaction, where the matrix
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elements are given by :

o o 1 [ 1
(172 | Vpair|jsjad ) = —(—1)11“3G\/31 + 2\/73 + 5951329534 0.700 7o (1.5)

Pairs of like nucleons in the same orbit j, which are coupled to J=0 can scatter to
an unoccupied orbit j’, above the Fermi level, where they are coupled again to J’=0.
Particles around the Fermi level take part in this scattering process, since nucleons
deep below the Fermi level are blocked by the Pauli principle. Due to this ”pair
scattering”, the Fermi level is smeared out and the orbits around the Fermi level are
partially filled, as shown in Fig. 1.3. The probability that an orbital i around the
Fermi level is occupied by a particle or a hole is given by : V; (particle) and U; (hole),
where

1 (6—A) 1
Vi = \/i(H (ei—)\)2+A2) (1.6)
S S R A MR
Vi = \/5(1 (ei—)\)Q—I-AQ) (.7)

and A is the Fermi energy in the nucleus, A is the pairing gap parameter and ¢; are the
single particle energies (=SPE). The number of valence particles in orbit i is given by
n=y_, VZ-Q. The pairing gap parameter A is related to the particle and hole occupation
probabilities :

A=G) UV (1.8)
0]
Single particles in the partially filled orbits are called quasi-particles and are described
by a linear combination of particle and hole wave functions. The energy of these quasi-
particles is different from the ”normal” single particle energies in the same orbit ;.
The quasi particle energy is given by :

E;, = (éi — /\)2 + A2, (19)

Without pairing (A=0) this reduces again to the energy difference between the single
particle energy of a particle in orbit i and the Fermi level. The simplest excitation in
this quasi-particle picture is to create from the vacuum state (J=0) two quasi-particles.
The energy of the excitation is then the sum of the 2 created quasi particles :

Eez = (671 - >‘)2 + A2 + (6]‘ - >‘)2 + AZ, (110)

A two quasi particle excitation has a minimal excitation energy of 2A, which is called
the pairing gap. In the case of even-even nuclei, there are no ”unpaired nucleons”
within one orbit i (with SPE ¢;). The pairing interaction explains why in all even-even
nuclei, the ground state is a 0" state.

1.2.2 Two particle energy spectrum

Considering the case of two identical nucleons (T=1,m — 7 or v — v) in the same
orbit which interact through a J-interaction, a simple result is obtained for the energy
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Figure 1.3: Left : occupation of the levels up to the Fermi level (er), on the right the occu-
pation of the levels with pair scattering. Levels below and above the Fermi level
are partially filled.

splitting between states with different J=|j1-ja|...j1+j2=0,2,4,...,2j :

AE(j27J) = —VOFR(HZ)A(sz) where
2
R O R ) S B A A
A7) = 5 |1 1 0
2 2
sian )
N 5, for large j,J and J even (1.11)
wj2sind

where Fr(nl) is an integral over radial coordinates which depends on the radial overlap
of the nucleon wave functions and Vg is the strength of the interaction. The angle 0
between the two angular momenta (;) is approximately given by cosﬂzé%—l (see Fig.
1.4, [Cas00]). This result is illustrative for most of the low lying excited states in single
magic even-even nuclei with two nucleons outside a closed core. As an example, the
0+,2%,47 .61 and 87 states in "°Ni (Z=28 and N=40 + ylgg/Q) are shown in Fig. 1.4.
The dashed line indicates the energy splitting given by eq. 1.11. This result illustrates
that from a basic schematic force as the d-interaction, it can be understood why the

first excited state in many (but not all) even-even nuclei is a 2% state.

1.3 Deformed mean field

As more and more valence nucleons are added the proton-neutron interaction energy
gradually builds up and the nucleus will deviate from its spherical shape and end up
in an energetically more favorable deformed shape. In these cases, the nucleus can
be described from a more macroscopically point of view. The radius describing the
nuclear surface can be expanded as :

+A
R(t) = Rov [ 14> ) anu(®)Yau(0,9) (1.12)

A>1 p=—X\
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Figure 1.4: Illustration of the energy splitting induced by the multipole parts of a d-interaction
for identical nucleons (T=1) in the same orbit (j), coupled to total spin J. The
experimental 2% ,4%,6% and 8T states in "°Ni (Z=28 and N=40 + I/gg/2) are
shown for comparison. Data is taken from [nndc] (all spins are uncertain, except
for the ground state 0% ).

where Ry, is the average radius in the equilibrium state and a,(t) are time dependent
amplitudes of the vibration [Cas00, Kra88]. The nucleus can be excited with angular
momenta A. In the case of A=1 the nucleus exhibits a net displacement of its center of
mass relative to its center of charge. This mode of E1 type, is referred to as the ”scissors
mode” or the ”Giant Dipole Resonance” and is generally at high excitation energy (8-
20 MeV). The low lying excitation spectrum of deformed nuclei are dominated by A=2
excitations (quadrupole,E2). Using the transformation from the laboratory frame to
the intrinsic frame, the five ayx—2, parameters are reduced to three real parameters
a2,0, ag.2=ag 2 and ag 1=ap _1=0. These variables can be parameterized as :
— d = _ i 1.13
asy = [acosy an a9 = a9_9 = Eﬂg sin~y. (1.13)

The nuclear quadrupole deformation can then be described in terms of Go and «. For
~v=0°(60°) prolate(oblate) shapes result, respectively. For v not a multiple of 60°, a
triaxial shape results ( [Hey94]). The A=2 excitation will be discussed more extensively
in par. 1.4.

A microscopical basis for the deformed structure of the nucleus is governed by the
Nilsson model. A single nucleon with total angular momentum j orbiting a spheri-
cal symmetric closed core nucleus can be interpreted in the light of the independent
particle model. But what happens if this single nucleon orbits a deformed nucleus 7
The interaction of the single nucleon with the underlying core depends then on the
relative orientation of the nucleons orbit with respect to the time averaged shape of
the deformed core. The degeneracy of the substates in the spherical case will be lifted
according to the projection of the spin j on the symmetry axis of the deformed nucleus
(referred to as the quantum number Q=j,j-1,j-2,...). The amount of energy splitting
between the substates depends now on the relative interaction of the 2-orbits with the
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deformed nucleus. The Nilsson model describes the evolution of these splittings be-
tween the K-states, as a function of deformation. In Fig. 1.5 the splitting of the single
particle orbits is plotted as a function of deformation parameter 2. The labelling of
the orbits is : Q[N,n,,A] with N the principal quantum number of the major oscillator
shell (see Fig. 1.2), n, the number of quanta associated with the wave function moving
along the z-direction and A the projection of the orbital angular momentum on the
z-axis. The 1gg/, orbit splits in five two-fold degenerate components, where the first
two orbits are strongly downsloping for prolate (e2>0) and oblate (e2<0) deformation.
The upper two orbits at the prolate side strongly favor sphericity since the energy
increases strongly. At the oblate side, the upper two orbits are rather insensitive to
deformation. In a deformed nucleus, the single particle wave function will be a mixture
of these pure ”Nilsson single particle” orbits.
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Figure 1.5: Fvolution of the single particle energies as a function of deformation parameter

in the Nilsson model (taken from [Fir96]).
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1.4 Collectivity in the Nuclear Medium

In the situation of many valence neutrons and protons, the large residual proton-
neutron interaction energy becomes dominant and the residual interaction cannot be
treated any longer as a perturbation on the spherical mean field. The nucleons will
show ”collective behavior”, resulting in energy spectra that are indicative for vibra-
tional or rotational collective modes of motion. A crucial role in this is played by
the T=0 part of the residual proton-neutron interaction as has been highlighted by
several authors ( [Cas00,Fed79]). One of the issues addressed in this work is how the
collectivity in nuclei with large neutron excess evolves when going towards a neutron
shell closure. The number of valence neutrons interacting with the valence protons
through the collectivity inducing T=0 interaction will then gradually decrease. A sign
for collectivity in the nuclear medium is found in the low-energy excitation spectrum
and the associated electromagnetic decay properties (E/M) of the nucleus, since these
exhibit similarities to the quantized vibrator or rotor.

1.4.1 The Vibrational Model

An elegant collective model is the vibrational model, related to the A=2 excitation in
eq. 1.12. In the vibrational model the A=2 excitation is seen as a one phonon excitation
carrying two units of angular momentum (units /). A two phonon excitation results
in three states with angular momenta : 07,27,4" while a three phonon excitation
results in 07,2737 47 and 6" states. The pure harmonic vibrational model predicts
in a natural way that the ground state of an even-even nucleus is a 0 state, while
the first excited state is 2T, followed by 0;,23,4? states at twice the energy of the
first 27 state. The three phonon states occur at three times this energy, where as
well octupole excitation (A=3) might occur (3~ state). The degeneracy of the 2-
phonon states is lifted due to residual interactions between the two phonons. It results
in a splitting of the 03,25 and 4] levels, which can be calculated with the help of
”Coefficients of Fractional Percentage” ( [Cas00, Tal63]). One of the fingerprints for
the applicability of the vibrational model is the energy ratio E(4])/E(2]) which is 2
for pure harmonic vibration and typically 2-2.5 in realistic situations. An illustrative
example of vibrational behavior is seen in the Cd isotopic chain (Z=48), where the
valence protons in the open proton shell interact strongly with the valence neutrons
in the open neutron shell, leading to collective behavior (Fig. 1.6). The drop of the
energy ratio towards N=50 can be interpreted as the loss in quadrupole collectivity as
one of the major shell closures is reached (decrease in 7-v interaction energy).

1.4.2 The Rotational Model

Another collective approach is to view the nucleus as an axially symmetric rigid ro-
tating system along an axis perpendicular to the symmetry axis. The Hamiltonian
describing the rotating system is given by :

h2j?

H=37

(1.14)

where J is the moment of inertia of the system and I is the total angular momentum.
I 'is the sum of angular momentum generated by the core rotation (]:f) and the intrinsic
angular momentum of unpaired valence nucleons (j ). The projection of I on the sym-
metry axis is denoted K. Since Ris perpendicular to the symmetry axis, the projection
of J is identical to the projection of I. The total rotational energy can be considered
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as the superposition of rotational motion on intrinsic excitation, characterized by the
projected angular momentum K :

Bror = 2177+ 1) K7, (1.15)
2J

Considering the low lying excitation spectrum in even-even nuclei, the low lying rota-

tional energy levels are labelled by K=0, J*=0",2* 4% ... and are given by : E(2])

=62 E(4}) =202

57 A An important result here is the signature for rotational be-

E,+
havior, following from the energy ratio %:3.33. In Fig. 1.6A, the evolution of this
21
ratio is plotted for the N=40 line. A gradual evolution towards collective, rotational
behavior is observed.
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Figure 1.6: (A) The onset of deformation along the N=40 line, indicated by the E(4] )/E(2f
) ratio (2.4=vibrational, 3.33=rotational).(B) The Cd isotopic chain displays
vibrational behavior in the mid-shell between N=50 and N=82, based on the
E(47)/E(2] ) ratio.






Chapter 2

Experimental Techniques and
Observables

2.1 Experimental observables

The energy of the first excited 2% state in even-even nuclei and the B(E2,0{ — 27)
strength are correlated. This correlation will be discussed in the following, together
with the evolution of both quantities as a function of the neutron(proton) number.
Both quantities (2] and B(E2,2] — 07) ) reflect the underlying shell structure of the
nuclear medium and their evolution illustrates the evolution of the shell structure in
extreme N/Z regions. This will be illustrated for the region between Z=28-N=40 (§SNi)
and Z=28-N=>50 (2¥Ni). The proton shell closures above and below Z=28 : Z=20 (Ca)
and Z=50 (Sn) will be touched upon for comparison. A series of other experimental
observables reflecting the shell structure and its evolution with neutron/proton num-
ber are given in addition.

2.1.1 The E(2]) state and B(E2,0] — 2{) strength

In general, the electromagnetic transition strength of multipolarity A is defined as :

B(LA,Ji — J) = Y oy, JpMglO(L, AM)|as, JiM;)[? (2.1)
M;, M
1

= 377 < an o Nllei, J; > (2.2)

where the electromagnetic operator O(L,\, M) has either an electric (L=E) or magnetic
(L=M) character and «; ; are any set of additional quantum numbers characterizing
the states |i,f> and L,M are the orbital angular momentum and the magnetic quantum
number. The electromagnetic operator O(L=E,AM) might be replaced by :

M(EXM) = / p(A) Y (FMdF and

A
p() = D e(k)o(F - i)

k=1

where e(k)=0 for neutrons and le for protons. The quadrupole transition strength is
thus defined as :

BE2,0f —2f) = |(y ||M(E2)[¥y)P (2.3)

15
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Figure 2.1: Schematic
illustration of
how a single
nucleon may
polarize  the
underlying
core.

The B(E2) value is expressed in units e?b?=10%e*fm* (!). The number of nucleons par-
ticipating in the transition is related to the composition of the nuclear wave functions
involved. In an extreme single particle picture, where only one nucleon contributes to
the transition, the so-called ”Weisskopf” unit is defined as :

BY(BL) = (P24 (2 )
BYOML) = (S PO24RER R g

for the electric and magnetic multipoles of order L (uy=the nuclear magneton=0.105
e-fm). The transformation from B(E2,2{ — 0) in units of e*fm* to W.u. is given by

16.8
B(E2,2+ - 0+)W.u. = MB(E2,2+ — 0+)[e2fm4}'

Expressed in these ”Weisskopf Units” (W.u.), the B(E2) value is a measure for the
amount of collectivity in the nucleus. Values close to 1 indicate pure single particle
transitions, while typical collective E2 transitions in spherical vibrational nuclei have
B(E2) values ~10-50 W.u. The B(E2) values within the vibrational model exhibit the
following relationship [Boh75]:

B(E2,4f — 27) =2 B(E2,2] — 07), (2.4)

which results from the selection rule for E2 transitions between states within one
vibrational band (AN,,=1). The B(E2,0] — 2]) value is related to the lifetime of
the 2? state :

7, o+ [ps] = 40.81 x 101 E, 5, /B(E2) Te2 - (2.5)

This relationship is widely used in experiments where the lifetime of the excited state
is measured. Other techniques will be touched upon in the following.

In shell model calculations, the reduced transition probability B(E2,0{ — 2) , can be
calculated within the limited model space. As was pointed out in par. 1.2, calculations
are performed for only a limited number of valence nucleons, which are restricted to
move in selected valence orbits and are totally decoupled from the underlying inert
closed shell. The latter may not always be the case, since single nucleons can polarize
the underlying core, as indicated in Fig. 2.1. To account for this polarization effect,

effective proton(neutron) charges et (eﬁf f ) are introduced into the calculations. The

'b=barn=10"2*m?. In the following, (2)07 —(0)2] will be omitted in the expression
B(E2,(2)0] —(0)2]) when it is clear from the context that (2)07 —(0)2] is meant.
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B(E2) value can be expressed as a sum of 7 and v amplitudes :

B(E2,0f —2f) = (M)? (26)
= (e A; +el7A,)? where
Ar = (2] |IM(E2)]]0] )
A, = (2] |IM(E)]]0F ),

In the case of a proton(neutron) closed shell, the proton(neutron) amplitude will be
Zero.

In order to understand the evolution of the 2f energy as a function of number of valence
nucleons and its relationship with the B(E2,0f — 2?) value, two considerations can
be made [Cas00] :

1. Microscopically : due to configuration mixing between N (¢1, ¢, ...0n) levels,
the mixed wave function with the most coherence (:ﬁ(gbl + ¢2 + ... + dN))

will be lowered in energy. Thus, lowering of the 2f energy is an indication for
increasing coherence in the wave function and collectivity in the structure, which
in turn increases the B(E2) strength.

2. In the shell model : in singly magic nuclei, the structure will stabilize due to the
large energy needed to create excitations in the closed shell. The reduced m — v
interaction in the valence space will reduce the collectivity of the system.

Within the shell model, coherence in the 2f state can very well be described using
the concept of seniority [Tal63]. The quantity seniority is defined as the smallest
number (v) out of n particles in a configuration j* that can produce a given spin J.
The remaining n-v particles are coupled to spin J=0. The introduction of seniority
has important consequences for a range of tensor operators. Considering a 2 body
odd-tensor operator V; ; it can be proven (see [Cas00]) that the following relationship
holds:

Y Vobaa (2.7)

n 14
(G"ad| > Vigli"a!J) = (¥ ad| Y Vil ol ) +
i<k i<k
where (") is any set of additional quantum numbers and Vo={(j?0|V12|j?0). Applying
this seniority result to the energy separation between J"=0" (v=0) and J"=27" (v=2)
states in even-even nuclei with n valence nucleons gives :

E(j"v=2J=2)—E("v=0,J=0)= (52 J=2|V[;*] =2) - . (2.8)

This result is independent from the number of valence nucleons and only depends on
the (2-body) interaction V and the pairing properties (Vo). In this seniority picture,
the energy of the Z;F state in an isotopic chain is constant when filling a j-orbit up to
n=2j+1 nucleons. This picture neglects strong shell effects as they occur near closed
shells.

A similar result can be obtained for the B(E2) strength. The quadrupole operator
M(E2) is a 1-body even tensor operator, connecting v with v-2 and v states. It can
be shown (see [Cas00]) that in this case of a Av=2 E2 transitions, the B(E2) value is
given by :

B(EQ,JiﬁJf):mKJfHEzHJi)P%f(l—f) (2.9)

where f=n/(2j+1) is the fractional filling of a shell j. In the seniority picture, the B(E2)
value exhibits a parabolic behavior when filling a single j shell, peaking at mid-shell.
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The Sn and Ca isotopic chains are good examples of seniority nuclei : the energy of
the 2f state is constant between N=50-82 (Fig. 2.7-top), while in the Ca isotopes,
the energy of the 21+ energy level is rather constant between N=22 and N=26 (N=20
and N=28 are the shell closures and the 1f;/; is gradually filled, see bottom part of
Fig. 2.2) and the B(E2) value exhibits a parabolic behavior, which peaks at mid-shell
(N=24, see top part of Fig. 2.2). If seniority is a good quantum number, the energy
should be constant.

Ca isotopes
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Figure 2.2: The seniority scheme applied to Ca isotopes. Top : the B(E2) values exhibit a
parabola like behavior, as expected from the seniority scheme (in red). Bottom :
the E(2]) states are rather constant for N=22-26. At the neutron shell closures
N=20,28, the energy increases.

Grodzins Rule

Grodzins adopted a result from ”the hydrodynamical model with irrotational flow” by
Bohr and Mottelson : an expression for the mean lifetime of the 2] state (7=T} /2/In(2))
Tlps| = E, %/Z ~2A'/3 [Boh75]. The dependence on AY/? was replaced by A and an
empirical fit was performed to all known E(2]) and B(E2) values [Gro62]. Raman et
al. allowed the exponents of E and A to vary and performed a ”global best fit” to all
known data points [Ram01]. The most recent expression for 7 [Ram01] (translated to
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B(E2) via eq.2.5) is given by :
B(E2,0f — 27) = (2.57 £ 0.45)E~122A472/3, (2.10)

The absolute values predicted by this ”global best fit” formula differ somewhat from
the measured B(E2,OIr — 2?) values, but a simple "renormalization” predicts the
trend more accurately [Ram01]. 91% of all data points in 2001 agreed within 50% to
the predicted value of the Grodzins rule, as seen in Fig. 2.3.

The arguments given above concerning the evolution of E(2]) and B(E2,0] — 2{)
give some insight in the nature of this E(2]") -B(E2,0; — 2]) =constant relation. The
coherent and mixed 21“ wave function is strongly lowered in energy and the collective
character boosts the B(E2,0 — 27) value up, which explains the inverse relationship
between E(2]) and B(E2,0{ — 2]) . The Grodzins rule works remarkably well for
nuclei with moderate N/Z ratios, whereas for extreme N/Z ratio’s the rule should be
checked in its simplicity.

Experimental techniques

B(E2) values are measured with a range of experimental techniques :

1. Coulomb excitation : this technique will be discussed in detail in section 2.2.
Due to the electromagnetic Coulomb interaction between the stationary target
and the incoming beam particles, part of the target and beam particles are in-
ternally excited. This inelastic scattering process is, below the Coulomb barrier,
exactly described by semi-classical perturbation theory. In Coulomb excitation
experiments, the nuclear information is extracted from either the inelastic scat-
tered target or beam particles, eventually in coincidence with the de-excitation
~-rays. The measured excitation probability is a direct measure for the B(E2)
value. [Ald56] Coulomb excitation at higher beam energies (25-300 MeV /u) is
referred to as intermediate energy Coulomb excitation. In this case, relativistic
corrections are needed in the description of the excitation process. The detection
of inelastically scattered particles is limited to forward scattering angles, corre-
sponding to higher impact parameters (bigger distance between the two colliding
nuclei). [Gla01]

2. Delayed Coincidence (Lifetime measurement) : the isotope is produced in an
excited state (e.g. in fusion evaporation reactions) [Gor97,Maz05] or the nuclear
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states are selectively populated by [-decay [Mac05]. The investigated levels are
characterized by their y-decay and the delay between the transitions in a cas-
cade is measured. Fast timing methods on [(-particles are used (in beta decay)
to deduce the lifetimes.

3. Doppler Shift Attenuation Method (DSAM) : the registration of y-rays emitted
during the slowing down of an excited recoiling nucleus yields the life time of
the excited state. The line shape of the detected transition peak is crucial in
the analysis and depends on the history of slowing down and on the properties
(lifetime) of the excited state [Pet06, Ken02].

4. Electron Scattering : a high energy electron beam impinges with the investi-
gated nucleus. The longitudinal part of the ”form factor” of the inelastically
scattered electron beam is measured. The form factor is calculated using the
"Distorted Wave Born Approximation” (DWBA) and fitted to the experimental
profile. The electric transition probability is one of the parameters in the fitting
procedure. [Ube71]

5. Recoil Distance Method (RDM) : An RDM setup consists of two target foils. In
the first thin foil (target) excited states are populated and the excited nucleus
leaves the foil with a large velocity. In a second foil (stopper), the nucleus is
stopped. The distance between the two foils is chosen such that the flight time
is of the order of the lifetime of the excited state. The lifetime is extracted from
the changing intensities of fully doppler shifted and stopped ~-rays, as a function
of target-to-stopper distance. [Kru00]

Experimental results

To illustrate the structural evolution indicated by the 2] state and the B(E2) in even-
even nuclei, the available information on isotopes near Z=28 (Ni(Z=28),Zn(Z=30) and
Ge(Z=32)) is discussed in the following (closed shell + two protons/neutrons nuclei).
In closing this part, recent results on Cd(Z=48),Sn(Z=>50) and Te(Z=>52) are discussed
for comparison and to illustrate the importance of experiments with Radioactive Ion
Beams (RIBs).

Ni-isotopes (Z=28) In Fig. 2.4 (top) the known experimental B(E2,2] — 07)
systematics for Ni isotopes is plotted and in Fig. 2.5 (top) the experimental E(2])
E(4]) JE(27) and E(0]) states are drawn.

The high E(Q;r) at N=28 and 40 hints to the possible magicity of these two neutron
numbers, where the E(2]) in 5°Ni(N=28) is considerably higher then in %Ni(N=40).
In [Kra94] the E(2]) in 56Ni was interpreted in a shell model picture as an isoscalar
1p-1h configuration with a relatively large B(E2,2;r — Of’) value because of the large
coherent 1f7 5 —2ps3 /5 and 1f; /5 —1f5 5 contributions (with equal neutron and proton
components). The B(E2,2] — 07) value in %Ni is much lower compared to %Ni.
This low B(E2,2] — 0) value in ®Ni was interpreted in [Sor02] as originating from
the enhanced neutron pair scattering at N=40, which is referred to as the superfluid
behavior of the neutrons. It has been pointed out theoretically in [Lan03] that most of
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the E2 strength in ®®*Ni resides at excitation energies around 5-6 MeV. These states are
predicted, within the shell model approach, to have a large 1p-1h proton component
( [Lan03]). The 2] state was calculated in the same work to be mainly a 2p-2h neutron
excitation, with 25% 1p-1h proton excitations. ”Quasi Random Particle Approxima-
tion” (see [Rin80]) calculations from the same reference calculated the 1-phonon 2
state to have 90% neutron component. The same QRPA calculations predict that the
E2 strength in %9Ni is exhausted by the excitation to the first 2f state. The main con-
clusion from [Lan03] is that the small observed B(E2,2{ — 07) value is not necessarily
an argument for a shell closure at N=40, but simply reflects the fact that the 2f state
is primarily a neutron excitation.

The B(E2) values in the Ni chain show a parabolic evolution between 2 magic nuclei
(see Fig. 2.4, top), hinting a seniority-like behavior. Recent measurements and shell
model calculations on Ni isotopes between N=28 and N=40 ( [Ken01]) have outlined
the necessity of including proton excitations across the Z=28 ”closed shell” in order
to reproduce the ”bell-shape” behavior of the B(EQ,Z;r — OT) values. In Fig. 2.4
(top) the shell model calculation, taken from [Ken0O1] is plotted for up to five proton
excitations from the f7/; orbit to the upper (pf)-shell. With less protons excited from
the Z=28 core, the shape of the B(E2,2] — 0]) curve flattens out (see ref. [Ken01]).
The recently measured B(E2) value in "“Ni (intermediate energy coulex at GANIL,
[Per06] is remarkably high. In [Per06] this is interpreted as a rapid polarization of the
proton core when neutrons are added to the 1ggs.

As seen in Fig. 2.5 (top), the first excited state in %Ni is in fact the 0] state (at
1.7 MeV) instead of the 2{ state. Although this 02+ state was observed only once
in a Zn(1*C,160)%Ni reaction [Ber82], it has been calculated (in the same work)
within the framework of the Hartree-Fock-Bogoliubov mean field theory as a second,
deformed minimum ($=0.4) in the potential energy surface, and in the shell model
it has been calculated as two strongly coupled neutron quasi-particles, excited across
N=40 [Ber82].

Above N=40, the trend in the 2;“ energy is remarkable, since there is a gradual decrease
of E(2]) up to A=76 (the 2 neutron hole state in “®Ni) [Maz05], even though a shell
stabilizing effect might be expected from the N=50 neutron shell closure. It has been
suggested that this might be an indication of a decreased neutron pairing interaction
at extreme N/Z(=1.71 for "*Ni) ratio’s [WalO6].

The dashed black line in Fig. 2.4 (top) is the ”classic” Grodzins prediction, based on
the known E(2]) . The curve is normalized to the point with the smallest error bar
(%ONi). The overall trend is fairly well predicted by the Grodzins rule, although the
fine details in ®®%®Ni need a more microscopic description.

Zn-isotopes (Z=30) The experimental B(E2,2{ — 0{) values in the Zn isotopic
chain show a similar trend towards N=40 as the Ni isotopes up to %Zn : a parabolic
behavior towards a shell closure (Fig. 2.4 (middle)). Though at N=40 ("°Zn), the
B(EZ,Q;r — OIF) value suddenly increases. This observation was qualitatively inter-
preted in [Lee02] as the onset of deformation, with three arguments supporting this
increased collectivity : 1- the addition of 2 protons outside the Z=28 closed shell; 2-
the maximum of neutron pairing at N=40 (see Ni discussion and [Sor02]) and 3- the
presence of the strongly downsloping 1=4 Nilsson neutron orbital close to the Fermi
surface (see Fig. 1.5). For a 3-value of 0.23 (extracted from the B(E2,2{ — 07) value),
positive parity single particle levels in the Nilsson diagram penetrate into the region of
negative parity states. Since there is no clear distinction between positive and negative



22 CHAPTER 2 Ezperimental Techniques and Observables

parity states, a large B(E2) value can be generated (E2 transitions are parity conserv-
ing). Shell model calculations taken from [Ken02] indicate that the inclusion of the
1gg/2 in the valence space is crucial in order to reproduce the increased B(E2,OIr — 2?)
value in "°Zn. These calculations are included in Fig. 2.4 (middle) : the solid black
line represents results in the 1f7 o+pf valence space, without the gg /5 included, the long
dashed line represents results in the pf4-gg /5 valence space (no 1f; /2). The increase in
B(E2,2] — 0]) strength continuous for "Zn ( [Lee02]). In the latter reference, the
increased B(E2) strengths were reproduced in shell model calculations, using a **Ca
core and the f7/54+pf+gg s valence space, where 8 neutrons are ”frozen” in the 1f7/;
orbital. Both [Lee02] as [Ken02] indicate the crucial role played by the vgg/, orbital
in the structure of these nuclei.

A first observation in Fig. 2.5 (top,middle) is that the E(2]) states in Zn are overall
lower compared to Ni. A second observation in Fig. 2.5 (middle) shows an additional
overall decrease of the 2;“ energy in Zn isotopes between N=40-50 compared to N=28-
40. Both might be understood from the increased m-v-interaction between the two
protons outside the Z=28 shell and the N=40-50 neutron shell, which brings in an
amount of collectivity. Another argument for the decrease between N=40-50 might be
a reduced pairing energy for neutrons, the energy needed to break up a pair [Van05].
The near constancy of the E(2]) between N=28-40 and N=40-50 hints the applicabil-
ity of the seniority scheme in the two regions.

The energy ratio E(4]) /E(2]) is ~2.1-2.4 over the full range N=28 up to 48. This
would indicate a vibrational character of these nuclei. The same vibrational-like trend,
is observed for the E(23) /E(2]) ratio. Though, the E(0) /E(2{) ratio strongly de-
creases towards N=40. A similar behavior at N=40 was observed in ®Ni, where 03
becomes the first excited state. This was interpreted as a two-quasi-particles neutron
excitation across the N=40 sub-shell gap.

As observed from the E(4]) /E(2]) ratio’s, the stable Zn isotopes and %2Zn exhibit
vibrational like behavior. Though, B(E2,4{ — 2]) transition strengths have been mea-
sured ( [Les05a,Les05b,Ko0i03]) and the measured B(E2,4] — 21) /B(E2,2] — 0{) ra-
tio’s range from 0.6-1, which is far from the vibrational value of 2. Several publications
have reported results obtained with more ”advanced” collective models such as the
"Deformed Configuration Mixing shell model” (%6Zn, [Aha81]), the cranked Nilsson-
Strutinsky model (%9Zn, [Koi03],58Zn, [Koi04]) and the ” Quasiparticle-Phonon Model”
(02=72Zn, [Vri77]). These calculations reproduce the B(E2,4] — 21) /B(E2,2] — 07)
<2 behavior, indicating that the lighter Zn isotopes are more complex deformed nuclei,
compared to the vibrational approximation.

The predictions by the Grodzins rule are plotted in Fig. 2.4 (middle,normalized to
687n). There is a fair agreement for the stable Zn isotopes and "7#Zn. The standard
global systematics, given by the Grodzins rule predicts a parabolic behavior towards
the N=50 neutron shell closure. The E(2]) used for N=50 in the Grodzins formula
is the SMI predictions (1.7 MeV). The data points for N=46 and 48 will be added in
this work and N=44 was remeasured.

The study of the onset of deformation in the Zn isotopic chain above N=40 is the main
physics case in this work. The measurement of B(E2) values in this chain up to N=50
is crucial to understand the influence of the supposed N=50 neutron shell closure on
the collectivity in the nuclear system. An important question to put is whether large
scale shell model calculations are able to reproduce the moderate collectivity in the
nuclear medium.
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Ge-isotopes (Z=32) In Ge, a similar trend towards collective behavior is observed
when neutrons are added to the gg o orbit : the decrease of E(2]) compared to the Ni
isotopes is identical to the decrease observed in Zn isotopes. The constancy of E(2])
between N=28-40 and N=40-50 is similar to the Zn systematics. The first E(2]") known
in the lighter N=50 isotopes (above "®Ni) is at 1348 keV in 82Ge. This high energy is
an indication for the persistence of the N=50 shell gap.

The higher B(E2) values (~10-35 W.u.) indicate more collectivity in the system due
to the increased m-v interaction. At N=40, again a low lying 02+ state is observed.
This can be understood in the light of the neutron pair scattering across the N=40
sub-shell.

The experimental <Q2?> of the 0] and 0 states are plotted in Fig. 2.6, illustrating
the structural evolution of the ground state between "“Ge and "Ge. Up to °Ge, the
0; state is interpreted as a deformed intruder state [Sug03], whereas from "Ge on the
0] state takes over this deformed character and 0 favors sphericity [Toh00, Toh01].
Recent measurements of the B(E2,2] — 0) values at the Radioactive Ion Beam
Facility Oak Ridge National Laboratory (ORNL) on "®8%82Ge have provided new data
on radioactive Ge isotopes ( [Pad05]). Shell model calculations from the same reference
are shown in Fig. 2.4 (bottom). The steep trend downward to N=50 is predicted by the
shell model calculations, indicating that the shell model effective residual interaction
accurately incorporates the stabilizing shell closure at N=50 and generates the right
amount of collectivity in the nuclear system for N<50.

Predictions by the Grodzins rule for Ge are plotted in Fig. 2.4 (bottom,dashed line). A
fair agreement is observed for stable Ge isotopes (70:72776Ge). Though, at N=44 the
deviation from the ”standard global systematics” given by the Grodzins rule is already
apparent and increases towards N=48. At N=50 the correspondence is again nearly
perfect. The deviation from the Grodzins rule sets in when two neutrons are added to
the nucleus where the B(E2,2 — 0]) value reached its maximum (for neutrons filling

the 1g9/2) .
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Sn (Z=50), Cd (Z=48) and Te (Z=52) In Fig. 2.7 (top) the E(2]) states are
shown for Cd(Z=48), Sn(Z=50) and Te(Z=52). The overall lower E(2]) energy for
Cd and Te, compared to Sn (proton shell closure Z=50) is due to the m-v residual
interaction in the open shell nuclei Cd and Te. The near constancy of the ZT state
reflects seniority-like behavior. At N=82, a strong neutron shell closure is observed (the
E(2]) for 1328n is 4.04MeV). An exceptional behavior for the E(2]) was observed across
this shell closure at N=84 in }3Te (N/Z=1.62) and 3*Sn (N/Z=1.68) ( [Rad02,Bee04])
: the E(2]) is much lower in these isotopes compared to 132Te (N/Z=1.54) and 3°Sn
(N/Z=1.60), see Fig. 2.7 (top). Shell Model calculations do not reproduce the observed
E(2]) states ( [Rad02, Sar01]) and a symmetric E(2]) was expected for Sn and Te
from (30~ 10Ba (N/Z=1.43-1.50) and +25~*2Ce (N/Z=1.38-1.45) systematics [Rad05a].
In [Rad02] a "simplistic seniority two” assumption for the 2] state and mixing of 7>
%34Tegg, v? %8481184 and 2 %gOSngg basis states indicated a predominantly v character
for the observed 2] state in 36 Te.

Recently, the E(2]) and B(E2,0 — 2]) values for 13Te have been interpreted in the
framework of the QRPA model [Ter02]. It was observed that the B(E2,0] — 2{) value
is sensitive to the neutron pairing gap A,, at the neutron shell closure N=82 (see Fig.
2.8). A decreased neutron pairing gap reproduces the asymmetric experimental results
for both E(2]) as B(E2,2] — 0) . The reduction decreases the energy required to
break a neutron pair to form a 2f state, relative to that required to break a proton
pair. The low lying 2] state in 36Te has thus predominantly a 2v character [Rad05b).
It is suggested that the reduced neutron pairing energy is a general feature that occurs
for N/Z>1.60 systems, such as "°Ni, 89Zn, 139Sn and !36Te [Wal06].

For neutron rich Sn and Te isotopes a considerable deviation from the Grodzins rule
was observed [Hab02] (dashed lines in Fig. 2.7, bottom) : for N=84 Sn and Te it is
observed that both E(2]) and B(E2,2] — 07) decrease.

A ”"modified” Grodzins rule was recently proposed by Habs et al. [Hab02], where an
explicit dependence on the neutron number is introduced :

E@H)[keV] - B(E2) 1 [¢%b?] = 25722 A3 (a+ b(N — N)) (2.11)

where (a,b)=(1.288,-0.088) are parameters which were fit to all the available data in
Z=46-58 isotopes and N is the neutron number for which the nuclear mass within an
isobaric chain reaches its minimum?. The new rule describes the available data within
20%, while with the "normal” Grodzins rule typical deviations of 50% are common.
Still, for extreme neutron rich systems, the deviation remains (see [Hab02]).

2.1.2 Single particle energy levels

In par. 1.2 it was highlighted that the monopole part of the residual interaction
determines the evolution of single-particle energies. Considering the reference single-
particle proton energy at the closed shell (such as derived from HF theory), indicated
by €;,.. The evolution of this single-particle energy due to the interaction between the
valence proton and the filled neutron orbital is given by [Smi04, Fed79]:

€ = €. T Ejj, (2.12)
where n,, is the number of valence neutrons occupying the j, orbital and

2y ndus IV s ) (2J + 1)
TJv Z](2J + 1) .

2N is obtained by differentiating Weizsacker’s mass formula, see [Hab02].

E; (2.13)
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Figure 2.7: Top : experimental E(Qf) energies for Cd, Sn and Te isotopes. The constancy
of the energy indicates the validity of the seniority scheme in the valence space.
The N/Z ratio is indicated with a ). Bottom : experimental B(E2) values in
W.u. for Cd, Sn and Te isotopes. The values for Te and Cd are significantly
higher ~30W.u. in the mid-shell region, indicating higher collectivity. Towards
the N=82 shell closure, the collectivity drops dramatically. The dashed line is
the Grodzins prediction for the B(E2,2{ — 07 ) . Strong deviations are observed
for neutron rich systems. Data are adopted from [nnde, Rad02, Rad05a, Rad05b,
Beel04).

where only the monopole part of V contributes. ¢j, is referred to as the monopole
corrected single-particle energy. The effect of the monopole part on the single-particle
energies is exemplified in Fig. 2.9 B for odd Cu isotopes, where large scale shell model
calculations are compared to experimental energy levels. From Fig. 1.2 it is seen that
adding one proton to a Z=28 core brings this proton in a 2ps /5 orbit. The experimen-
tally observed level sequence in the Z=29 (Cu) isotopic chain is shown in Fig. 2.9 B.
The single particle energies in these Cu isotopes are proton excitation from the ground
state (2ps /2) to the above shell model orbitals. The last three measured single particle
levels (N=40,42,44) are measured in a 3~ -decay study of %"7Ni [Fra01, Fra98]. In
these studies the levels are inferred from the selective feeding from the 9/2(*) ground



28 CHAPTER 2 Ezperimental Techniques and Observables

I I 1 I I I
__ 015} 13214 -
<G 1
(aY]
®
N
& f
A
0.05 "13674 .
Figure 2.8: The B(E2,07 — 2]) wvalue
for 138 Te as a function of the 0. ' ' L ' ' :
neutron pairing gap. Picture 0.3 04 05 06 0.7 08 09 1
taken from [Ter02]. Aq (MeV)

state of 9%7LT3Ni to excited states in 7173 Cu. The strong lowering of the 155 single
particle energy is due to the monopole interaction between this level and the (paired)
neutrons gradually filling the 1gg/, orbit. The nature of the monopole interaction
has recently been reviewed by Otsuka et al. [Ots05]. The monopole interaction is a
long range term, coupling protons and neutrons and strongly attractive between j.
and j_ orbits (but repulsive between j~ and j. orbits). The index > (<) represents
j(/)zl(/)—i—(-)%. The monopole interaction has an important ¢ - o7 -7 component, where
o is a Pauli spinor, operating on the spin part of the nuclear wave function and 7 is
the charge exchange operator. In Fig. 2.9 C the interaction is schematically shown be-
tween vgg/p=j> and 7y /2:jl< (attractive p-n interaction lowers the excitation energy
of the m1f5/;). The solid and dashed black lines in Fig. 2.9 B are shell model cal-
culations performed with the computer codes OXBASH and ANTOINE (resp.). The
crucial difference between the two calculations is the residual interaction used. The
solid line represents a calculation using a realistic nucleon-nucleon interaction (see par.
1.2), based on the G-matrix interaction by Hjorth-Jensen [Hjo95] for the pfs /2g-shell,
where T=1 neutron and proton interactions are separately fitted to new experimental
data in Ni and N=50 isotopes [Lis05] (labelled SMII). The dashed line represents an ef-
fective residual interaction based on the same G-matrix realistic interaction but where
the monopole interaction strength was modified to reproduce spectroscopic proper-
ties in Ni and Cu ( [Smi04] and references therein, labelled SMI). The 71f5/5-m2p3/9
level crossing is predicted to occur between A=43,44 by SMII, while SMII predicts the
crossing between A=48-49.
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Figure 2.9: (A) Ezperimental magnetic moments of the ground state in odd Cu isotopes com-
pared to large scale shell model calculations (full line is the prediction for 2ps s,
while the dashed line is the prediction for 1fs;;). The difference between SMI
and SMII calculations is explained in the text. (B) Experimental and calculated
proton single particle energies in o9 Cu isotopes. (C) Shell model orbitals involved
in the single particle energy level structure of Cu isotopes. The 1fs /o energy level
interacts strongly with the 1gg/o level through the attractive monopole interac-
tion. Dashed(full) lines correspond to SMI(SMII) calculations. The experimental
points on °79%7LCu are taken from [Gol04,Rik00, Van00], whereas the points on
T Oy are preliminary unpublished results from in-source laser spectroscopy
at ISOLDE [Fla06].
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2.1.3 Magnetic moments

The magnetic moment of a nuclear state with spin I is given by pu=gluy, where g is
called the gyromagnetic ratio and uy the nuclear magneton. The g factor of a state
identifies the nuclear spin and vice versa. By using the ”free” proton and neutron mag-
netic moments (ur=+2.793un,u,=-1.913uy) the single particle moment of a nucleus
can be calculated. These values are referred to as ” Schmidt values”. In-medium effects
(the presence of other nucleons,meson exchange currents,...) modify the ”free” nucleon
magnetic moments. Single particle magnetic moments will therefore be calculated us-
ing "effective” m and ¥ moments. Shell model calculations of the nuclear g-factor are
indicative for the underlying shell structure. The measurement of the nuclear g-factor
is in general based on the detection of the angular distribution of radiation (/3-particles
and gamma’s). An overview of the several techniques can be found in [Ney03]. In Fig.
2.9 A, measured g factors in odd Cu isotopes are compared to shell model calculations
(SMI and SMII, see par. 2.1.2). The calculations are performed for a ground state
2p3/2 up to 73Cu, from thereon a ground state 1f; /2 is assumed. The latter three points
are recent ISOLDE measurements ( [Fla05]). In comparison with the shell model cal-
culation it is seen that the 1f5/; orbit becomes the ground state between A=42 and
46.

2.1.4 Mass measurements

From mass measurements shell effects appear due to the enhanced binding of the
nuclear system (and consequently the lower mass) near closed shells. In Fig. 2.10
the difference between measured mass and predicted mass from the liquid drop model
(LDM, Weizsacker formula) is shown. Despite additional terms to the Weizsacker mass
formula, accounting for shell effects, it is seen that near closed shells (magic numbers)
the measured mass is substantially lower then the mass predicted by LDM. In the inset
of Fig. 2.10, recent mass measurements on Ni,Cu and Ga are given, obtained at the
ISOLTRAP setup in ISOLDE [Gue05]. The aim of the latter experiment was to map
the fine structure of the neutron pairing energy and to find signatures for closed or
open (neutron) shells in the considered mass region [Gue05].

2.1.5 Two neutron separation energies (Sy,)

The energy needed to remove two neutrons from the nucleus Sg,, [MeV]=-M(A,Z)+M(A-
2,7Z)42n with M(A,Z) the atomic masses and n the neutron mass) is plotted in Fig.
2.11 for Ca,Ni and Zn isotopes (values taken from [Wap03b]). If more energy is needed,
the 2 neutrons are stronger bound in the nuclear medium. When crossing a closed shell
this energy decreases, indicative for a shell effect (as exemplified for the closed neutron
shells N=20 and N=28 in the Ca isotopes). The situation in the Ni isotopes, especially
around N=40, is somehow cumbersome. From recent Ni mass measurement at the
ISOLTRAP setup in ISOLDE no clear N=40 (sub-)shell closure was observed [Gue05],
as observed from the So, energies plotted in Fig. 2.11. This peculiar feature has
been interpreted as a manifestation of the superfluid character of the valence neu-
trons [Sor02]. In that picture, pairs of neutrons are scattered across the N=40 (sub-
)shell gap and thus contributing to the 07 state. In Fig. 2.11 the S(2n) values for the
Zn isotopes are given as well. In black, the values from [Wap03b] are plotted, while
in green, recent mass measurements up to §5Zns; by the ISOLTRAP collaboration
(ISOLDE) are shown [Her06]. Near N=>50 a slight drop is observed, though the shell
closure would be observed in the Sg,, at N=52 (¥2Zn).
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Figure 2.10: A. The difference between the erperimental mass and the value from the liquid
drop model. Big discrepancies are observed mear magic numbers N=28,50,82
and 126 (taken from [Hey95]). B. Recent mass measurements on Ni,Cu and Ga
isotopes performed at the ISOLTRAP setup in ISOLDE. The small kinks near
N=40 indicate a (small) subshell closure near N=40 (taken from [Gue05]).
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Figure 2.11: Two neutron separation energies for Ca, Ni and Zn. Data for Ca, Ni and Zn
are taken from [Wap03b], while the open circles are recent experimental values
from the ISOLTRAP setup [Her06]. Error bars are included, if not visible these
are smaller then the marker size.
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2.2 Coulomb excitation

2.2.1 Elastic and Inelastic scattering

The scattering process of a projectile nucleus é}’: XnNp on a target nucleus Q;YNT is
shown in Fig. 2.12. The process is described by the time dependent Schrédinger
equation

ih%!‘lf(t» = (Ho + V(7(1))[¥ (1)) (2.14)

where V(7(t)) is in this case the electromagnetic interaction. The electromagnetic
interaction between target and projectile can be decomposed in its multipole compo-
nents. The monopole-monopole part of the electrostatic interaction causes the nuclei
to scatter elastically, yielding the known Rutherford scattering process. The monopole-
multipole components induce inelastic scattering, where one (or both) of the nuclei is
(are) excited. The differential cross section for excitation of the nucleus to a state n is
given by :
do,  dogr

dop _ 1

where <t = Zazsin_‘l(ﬁ/ 2) is the Rutherford elastic scattering cross section with
a = 0.71999(1 + AP/AT)ZPZT/EP[fm] (2.16)

[Ald75] (half the distance of closest approach in a head-on collision) where Ap=mass
of the nuclei in the beam, Ar=mass of the target nucleus, Zp=Z of the nuclei in the
beam, Zr=7 of the target nucleus, Ep=the beam energy in MeV. P,, is the probability
for excitation to state n. The wave function of the scattered nucleus after the collision
is written as

U(z,t) =Y an(t)Tn(z) =Y an(t)ln > (2.17)
n=0 n=0

where n is a sum over final states, n=0 being the elastic scattering process. The
probability for an excitation from the ground state to state n is then

P, = |a,|?. (2.18)

In Fig. 2.13 the cross sections are plotted for a nucleus with a 0T ground state and a
first excited 27 state3. The elastic scattering cross section is given by o - P,—o, while
the inelastic scattering cross section is given by o - P,—2, where |P,,—o|?+|Pp—2|?=1.

2.2.2 Nuclear interaction

The theory on Coulomb excitation is valid as long as the excitation process is governed
solely by the electromagnetic interaction. The distance of closest approach as a function
of the ”center of mass” (CM) scattering angle 9 is given by [Ald75] :

b(W) = a(l+1/sin(Vecn/2)) (2.19)

In order to ensure that nuclear contributions to the excitation process are negligible,
the nuclear surfaces of the two colliding nuclei should be separated by a certain ”safe”
distance A, which takes into account the range of the nuclear force (some fm) and the
surface diffuseness of the nuclear density distribution. A value for A can be determined
by comparing measured and calculated scattering cross sections for combinations of

3For simplicity higher energy levels are omitted at this stage.
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Figure 2.12: The scattering of a nucleus gﬁXNP on a target nucleus §§ Yng-

heavy projectiles(targets) and different beam energies. Here, a typical value of A ~ 5
fm is assumed [Nie05, Wil80]. The condition is formulated as

b(¥) > Ri+Ra+ A (2.20)
with R¢:1.25A2/3 fm (i=1,2) and A=5 fm. In Fig. 2.14 it is seen that for all mass
combinations in the three experiments, this condition is fulfilled over the full detected
CM range.

2.2.3 First order perturbation theory

If the interaction between projectile and target is weak, the expansion coefficients a,,
can be calculated in a first order perturbation approach :

+oo
o= [ VG esp(ionds (2.21)

with w=(E-E;)/h=AE/h. In general, the probability to excite from a level i to a
level f is then : Pif:|aif\2, analogue to eq. 2.18. The differential cross section for an
electric transition of multipolarity A can be calculated with first order perturbation

theory (see [Ald75]) :

Zie

L0202 BB, Iy — I)dfpa(0,€) (2.22)

dopy = (

where Z; is the charge number of the projectile(target) for target(projectile) excitation,
v= \/mip (Ep — AE,(1+mp/mr)) (AE,=the excitation energy) and {z%% (= the
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Figure 2.13: The elastic and inelastic cross section for a nucleus with 0T ground state
and 2% first excited state. The cross sections were calculated for ™Zn
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cited. Only the 21" level was included in the calculation.

adiabaticity parameter). The function

dfpx (9

fEiZ(Q’@ ~ R2(9,€)sin~4(9/2) (2.23)
contains the familiar factor sin~* -known from the elastic Rutherford scattering cross
section- occurs together with a dimensionless ”orbital integral” Ry [Ald75] which de-

0 CD range “ 5
o A=74 A=76 A=78
40 40 40
-g- A,=120 A,=120 A,=108
30 30 30
Snb . \ 2F e \ L \.-...
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Figure 2.14: The distance of closest approach as a function of scattering angle in the CM.
The dashed line indicates the ’safe distance’ and the solid lines mark the limits
of the particle detector. These calculations were performed for the parameters
given in table 5.19 in Chapter 6.
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pends solely on ¢ and & :

22— 1! T s
209,6) = | 2 Yau(5,0) 0, (9,8 2.24
where the parameter £ is defined as :
£ =7.29735"32,Z LI (2.25)
o 12 vpfe  wvife ’

[Ald75] with v;/; the initial/final velocity of the scattered particle. The function
dfpa(9,£)/dS2 is shown in Fig. 2.15A the function is plotted for different values of &.
It is seen that for higher values of ¢ (higher excitation energies, or lower beam energy)
the maximum is shifted to higher CM angles. The factor B(E2,Ip— Iy) is the reduced
transition probability, related to the nuclear matrix elements of the electric multipole
operator :

B(EX Iy — Iy) = (L [M(EN)| [ To) (2.26)

1
21+ 1
The total electric excitation cross section after integration over ¢ is given by

Zie

o 2a"PT2B(EN, Iy — 1) feA(6). (2.27)

orx = (

Likewise, the total magnetic excitation cross section is given by :

Zie

oain = hc

)?a” P P2B(MA, Io — Ip) faan(€). (2.28)
The functions fg/yr5(§) are plotted in Fig. 2.15 B/C. The magnetic excitation cross
section is reduced by a factor of (v/c)?, compared to the electric excitation cross
section. In the energy range considered in this work (v/c~7%), this factor is ~0.005.
The semi-classical description of the Coulomb excitation process is valid as long as
the Coulomb field (monopole-monopole term) prevents the projectile from penetrating
into the target nucleus. This is 'translated’ to the condition that the wave length A,
associated with the projectile is much smaller than the distance of closest approach in
a head-on collision (b), or:

n=0b/2\ = Z1Z2¢* /v > 1 (2.29)

with Z1(Z2) the charge of the beam(target) nucleus and v the relative velocity at large
distances. The parameter 7 is called the Sommerfeld parameter.

A sufficient condition for the validity of the first order perturbation theory approach is
that all possible excitation probabilities are small. In order to excite a state |f) from |i)
by the time dependent electromagnetic interaction V(7(t)), the collision time 7.,=a/v
(see 2.19) needs to be shorter or of the same magnitude as the excitation time for a
given excitation energy AE;; in the nucleus : 7,,q=h/AE;;. This is reflected in the

adiabaticity parameter £ :
¢ = Tt _ 9BEg (2.30)
Tnucl hw
which was already defined in a more general context above (see eq. 2.25). For small
velocities, the projectile is able to follow the perturbation caused by V(7(t)) adiabat-
ically, so the excitation probability decreases. From Fig. 2.15B it is seen that with
decreasing velocity (increasing ), the excitation probability decreases exponentially.
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A classical treatment of the orbital motion is valid as long as the excitation energy
does not significantly modify the trajectory, i.e. : AEE":%<<1 ( [Ald75]). This is
automatically fulfilled when 2.30 and 2.29 are met.

The excitation probability depends on the strength of the interaction, given by the
matrix element of the action integral (expressed in units & [Ald75])

+oo
Yom(®) = m/ 1))dt|n)

(m|V(b(9))|n) Teour
= M|V (b(?))[n)b(d) /v (2.31)

where V(b(1)) is the magnitude of the interaction at the distance of closest approach,
Teoll 18 the interaction time and n,m are the initial and final state. This expression is
directly comparable to eq. 2.21, for AE=0. The y matrices, which are dimensionless if
measured in units 7, can therefore be interpreted as £+/ P, (¢, £ = 0). It is convenient
to define the y-matrices for ¥=180°. Substituting the electrostatic potential V(b(1}))
by its monopole part Z;Zose?/b(1d), eq. 2.31 becomes Z;Zoe?/hv, which is exactly the
Sommerfeld parametern. Recalling the condition for the applicability of the first order
theory : the monopole part of the interaction should prevent the nuclei from penetrat-
ing into each other and the excitation probability should be small, compared to unity.
This can now be formulated in terms of the action integrals : xo0=7>1 and xp »<1.
Measured in units 7, xpm, denotes the number of quanta of angular momentum Ah
which are exchanged during the collision. In table 2.1 the three parameters discussed
above are given for the three experiments described in this work.

The nuclei investigated in this work all have a Of ground state, while the first excited
state is a 2] state. The excitation is thus limited to E2 transitions. By measuring the
total excitation cross section for the Of—>2f transition, the nuclear matrix element
(Io||M(ENX)||I¢)| can be measured. From this matrix element several nuclear param-
eters are extracted : the B(E2) value, the deformation parameter o and the lifetime
Tyt of the 22 state.

Q

2.2.4 Higher-order perturbation theory

To second order the excitation amplitudes a;; are given by :

aif = ayf +a) (2.32)
where the first term is the first order amplitude (eq. 2.21)and
(2) 1 2 —+o00
Gizf T n (FIV(7(t))|z)exp(iwt)dt (2.33)
th J_o
400
< [ v et (2.34)

where w=(E¢-E.)/h, w'=(E;-E;)/h. The excitation from state i (E;) to state f (E¢)
goes through the intermediate states z (E,). A full derivation of the second order
theory can be found in [Ald75].

Effect of the quadrupole moment

An interesting case where the second order perturbation theory becomes significant
is when the intermediate state z is one of the magnetic substates of the final level
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Figure 2.15: (A) The differential function dfgs/dQY/dQ, related to the differential cross sec-
tion according to eq. 2.22. (B,C) The integrated function fgapx. Pictures
are taken from [Ald56]. The dashed line indicates the £ wvalue for the A="7
experiment in this work.
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(Fig. 2.16A). The transition z—f occurs through the interaction with the quadrupole
moment of the final state. The strength of this term depends on the magnitude of the
matrix element M.y, in the case of I;=0,I,=2 and I;=2 the matrix element is related
to the quadrupole moment :

UME]2) = 50 Qs (2.35)

where Q2 (= the spectroscopic quadrupole moment) is related to the intrinsic quadrupole
_3K2-I(I+1)
R ESCIES))
Q2 on the differential cross section is plotted for "*Zn on 12°Sn (for conditions see tab.

5.19). Both cross sections are calculated for the same B(E2) but different quadrupole
moments (0. and 0.152 eb). The ratio of the integrated cross section over two different
CM ranges (ocan and ocpr2) depends on the quadrupole moment. Assuming a posi-
tive quadrupole moment, this ratio increases 3%. This feature will be utilized further
in this work.

moment Qg Qo in the case of a rotational nucleus. In Fig. 2.17 the effect of
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Figure 2.17: Illustration of the effect of the quadrupole moment on the differential cross sec-
tion, calculated with the classical coulex code "CLX” (see par. 4.6.2). Input
parameters are given in the figure. The input B(E2) value was the same for
both the Q=0 eb and 0.4 eb results.

Double excitations

Another second order effect is that of a double E2 excitation to a final state which
cannot be reached by a single step E2 excitation. The order of magnitude of the cross
section for such a double excitation is approximately given by :

opa,p2 ~ 0p2(l; — 1) - opa(I, — Iy). (2.36)

A typical example in these experiments is a double excitation to the 4] state, where
L;=0{ , I,=2] and I;=4] (see Fig. 2.16). A direct E4 excitation to this level is
strongly hindered (see Fig. 2.15). An explicit calculation of the second order terms
gives [Ald56] :

OB2E2 _ o4 A172 B(E2,0 — 2)B(E2,2 — 4)
R4 Epev e?B(E4,0 — 4)
103 B(E2,0 — 2)B(E2,2 — 4)
¢2B(E4,0 — 4)

(2.37)

for A1=120, Z1=>50 and E=212.4MeV (™Zn case). B(E2) values are expressed in e?fm*
and B(E4) in e?fm®, cross sections in barn. Thus, E4 excitations are approximately
hindered by a factor of 103.

2.2.5 Application to experiments

The parameters described in paragraph 2.2.3 are summarized in table 2.1 for the three
experiments described in this work. A summary of the experimental conditions is given
in Chapter 6, table 5.19. Recalling the conditions for the validity of the first order
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approach : 7> 1 and £ < 1, it is seen from table 2.1 that this approach is valid for
the considered experiments.

A ‘ E<T n>1  xope
741 0.323 139 0.649
76 | 0.321 140  0.560
78 | 0.362 128 0.416

Table 2.1: The Coulomb excitation parameters &, n and xo,2 for the considered 0f—>2f erci-
tation in “H7%78 Zn. For further experimental parameters, see table 5.19 in Chapter
6.

2.2.6 Relative measurement

The number of inelastically scattered particles (beam or target nuclei) in a Coulomb
excitation experiment is a measure for the excitation probability to a state n (P,) (see
eq. 2.22). Experimentally, the number of inelastically scattered beam or target nuclei
may be determined from the gamma decay of the state n in the considered nucleus. In
this work, the de-excitation gamma rays following Coulomb excitation of the beam and
target nuclei were detected by the Germanium Gamma Detector Array MINIBALL
(see par. 3.4). The number of detected 2] —0] de-excitation y-rays, associated with

the de-excitation of the 2] state of the incoming beam particles (even-even ™76:787n)
is given by :
PAN 4
NZ™2{ — 0f) = enmrB,zn - OE2,2n - szn, (2.38)

where €prB 7z, is the total isotropic photopeak efficiency of the MINIBALL array at
the energy of the ZT state in 74’76’78Zn, 0E2,7n is the total detected cross section for
de-excitation from the 2T state, pd is the target thickness in mg/cm?, N4 Avogadro’s
number, A the target mass number and Iz, the total incoming beam intensity. The
latter is in the special case of Radioactive Ion Beams not accurately known. The total
inelastic cross section should therefore be measured relative to a known inelastic cross
section in the same experiment, i.e. the known cross section for target excitation. The
total number of Zir —>01+ de-excitation gamma’s from the even-even target nucleus

(£3%Sn or [28Pd) is related to the known de-excitation cross section (0 g2 Target) :
pPAN 4
‘7\f$(w‘qet(21+ — 01+) = €M B,Target - OE2,Target * TIZH (239)

Dividing 2.38 by 2.39 results in a relative comparison of target and beam excitation
cross sections :
]\'f'yZn(21+ - 01+) _ €MB,Beam . OFE2,7Zn (2 40)
Nzarget(2i|_ — Oi‘_) €M B, Target OE2Target .

It should be noted that in 2.39 the target is excited only by incoming Zn isotopes,
neglecting possible other isotopes in the beam. Corrections to eq. 2.39, related to
possible beam contamination will be treated in paragraph 4.2. In equation 2.40 an

explicit dependence on the angular distribution of the gamma rays should be included,

WZn . . C
of the form W where Wg n/Target 5o the integrated angular distribution of the de-
Y

excitation gamma rays over the detector solid angles. The angular distribution differs
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for target and beam de-excitation gamma’s, so the detection efficiency needs to be
corrected for this non-isotropic distribution. This additional correction to eq. 2.40 will
be treated in paragraph 4.5.



Chapter 3

The Experimental Setup

3.1 Introduction

In the exploration of the nuclear chart far off the line of beta stability (”exotic” re-
gions), the main limitation is put by the low beam intensities. Therefore (on-going)
developments in the selectivity, efficiency and intensity of the production techniques
are required at the several Radioactive Ion Beam Facilities (RIBF). The two main pro-
duction techniques of exotic nuclei are : the 'In-Flight’ (IF) method and the Isotope
Separation On Line (ISOL).

The IF production technique makes use of a intermediate to relativistic heavy ion beam
(from 30 MeV/u-1.5 GeV/u) which impinges on a thin primary production target.
With a combination of magnetic and electrical fields', atomic processes to identify the
nuclei? and making use of the reaction kinematics, the isotopes of interest are selected
from the primary beam, or other isotopes produced in the reaction [Van06,Mor04]. The
ISOL technique relies on the availability of the radioactive species produced in a target
and thermalized in a catcher consisting of solid, liquid or gas material, from which the
isotopes are extracted and ionized in an ion source. After extraction from the ion
source the isotopes are mass analyzed and accelerated to the required energy [Van06].
The latter might consist of a preparation stage of the ions for post-acceleration up to
MeV /u energies.

The ultimate goal of both methods is to transport the nuclei of interest away from their
place of production, where a large background from nuclear reactions is present, to a
well shielded experimental setup where their properties can be explored. The following
experimental conditions should be met by both methods : 1- High production rate, 2-
Efficient (all stages in the production process should be efficient), 3- Fast (short lived
isotopes should survive the whole production process) and 4- Selective (unwanted -in
general more stable- isotopes should be avoided in the final RIB as much as possible).
Depending whether neutron rich or proton rich nuclei are under investigation, different
mechanisms for populating the isotope of interest are dominating. Proton rich nuclei
are best produced by fusion(-evaporation) reaction of projectile and target nuclei. Neu-
tron rich nuclei are well produced by fission or spallation of neutron rich heavy nuclei.
Proton(-neutron) induced fission of U was employed in this work to produce neutron
rich ™76:77n at the ISOL facility ISOLDE(CERN).

ISOLDE has been over 40 years the leading low-energy ISOL facility, providing beams
of more than 60 elements (Z=2-88) and more then 600 isotopes [ISO06]. By coupling

'E.g.: B-p=m-v/q, where Bp is referred to as the magnetic rigidity of an IF-separator and p is the
bending radius of the trajectory
2E.g.: Atomic energy loss dependence on Z.

41
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the existing low energy facility with a post-accelerator, the REX-project (see par. 3.3
and [Hab94]), the laboratory has now the possibility to accelerate a wealth of sta-
ble and radioactive isotopes up to 3 MeV/u. The first successful experiment with a
post accelerated Radioactive Ion Beam was performed in 2002 (3*Mg). Other facilities
incorporating post-acceleration are Oak Ridge National Laboratory (ORNL, U.S.),
SPIRAL (France) and Triumf (Canada). IF facilities where similar experiments are
performed are GSI (Germany) and MSU (US). It should be emphasized that ISOLDE
is currently the only RIB facility where post-accelerated radioactive Zn beams are
available with appreciable intensity for A>74. Experiments at GANIL have been per-
formed on "%7%77n [Lee02, Per06]. In the same region of the nuclear chart, ORNL
produces intense Ge beams [Pad05] and at GANIL successful RIB experiments have
been performed on Kr isotopes [Kor05].

In the following, the ISOL facility ISOLDE will be discussed at length. First, the
isotope production technique (par. 3.2) will be discussed with the emphasize on the
unique selectivity offered by laser ionization. Secondly, the several steps necessary
for post-acceleration of the extracted and mass separated isotopes are described (par.
3.3). Finally, the detection system for the nuclear radiation and scattered particles is
elaborated upon (par. 3.4).

3.2 The Radioactive Ion Beam (RIB) facility ISOLDE

3.2.1 Isotope Production technique

Proton induced fission and release from the target

The investigated nuclei (747%787Zn) are situated at the neutron rich side of the chart of

nuclides. Neutron-rich isotopes of medium mass are well produced by fission [Kos05].
At ISOLDE, up to 4 pA of 1.4 GeV protons are delivered by the four coupled syn-
chrotrons of the PS3-booster, which is part of the CERN accelerator complex (see Fig.
3.1). With this energetic proton beam impinging on a ~50 mg/cm? 23¥UC, target,
over 10'3 fission products are produced per second. To illustrate the proton induced
fission of 238U, isotope production cross sections of fission fragments are plotted in
Fig. 3.2. These cross sections were measured at the fragment separator at GSI. The
isotopes were produced in an inverse kinematics* spallation reaction of 223U 4 p (1
AGeV) [Ber03]. The plots illustrate the order of magnitude of the production cross
sections of Zn and the main contaminants in the final RIB at ISOLDE (see further).

The produced fission products are stopped in the target material and move towards
a transfer line by diffusion and effusion® transport processes. Both the target and the
transfer line are electrically heated up to about 2000 °C to reduce the diffusion times,
to avoid too long ”sticking” times of the atoms on the surface and to ensure sufficient
electron emission to provide conditions for ion repelling from the surface. The speed
of the transport process depends strongly on 1- the target geometry, 2- the target
material (or coating on the walls of the target container) and 3- the specific element.
The element dependent release time from the primary target is exploited in cases
where the unwanted isobaric contaminant has a significant different release charac-
teristics then the investigated isobar. Examples of this technique in the Pb region

3Proton Synchrotron

“The term Inverse Kinematics is utilized when the target (a) is the lighter element of X and a in
the reaction a(X,Y)b.

5 Diffusion is the spontaneous spreading of matter, heat or momentum, whereas effusion is the
process where individual particles flow through a hole, which is smaller then their mean free path.
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Figure 3.1: The CERN accelerator complexr. ISOLDE utilizes the ”(PS-)Booster” and
”Linac2”.
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Figure 3.2: Isotope production cross sections in the spallation reaction 38U + p (1AGeV),
measured in inverse kinematics at the Fragment Separator in GSI. Plots are taken
from [Ber03]. ™77 Zn Ga and Rb are shown, which are the main contaminants
in the RIB in ISOLDE.

are discussed in [Dew04, Van98] and a first application in the Ni region is discussed
in [Bre06]. The element dependent release function P(t) is defined as the probability
density for an atom generated at t=0 of a given element to be released at at time
t. Since the decay and release probabilities are independent, the release function for
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element i is given by :
Pi(t, i) = Py, ap 20 a(t)ezp(=Ait), (3.1)

where J; is the decay constant of the radioactive element i. The function Py, x; . a(t)
was observed to be best fitted by a four parameter function given by [Let97]:

Prapasa(t) = N(1 = exp(=Art)) - [aeap(=Art) + (1 — a)exp(=Ast)], (3.2)

where N is a normalization constant. This release curve was measured for Zn and Ga
isotopes and is given in Fig. 3.3 (right), the parameters can be found in [Kos05]. In
the left part of Fig. 3.3 the observed particle rate in the CD detector is plotted as a
function of time elapsed since the last proton pulse. In black, the particle rate during
laser on periods is plotted, while the open triangles show the particle rate during laser
off periods is shown (same time interval). The solid circles represent the difference in
particle rate (laser on minus laser off). The release functions Pz, (t), Pg,(t) and their
sum are plotted on the graph as well. (A time delay in the release function Py, » FAs,a
of 90 msec was assumed because of the trapping and charge breeding time - the decay
time was not shifted by this amount.) The main contaminant (Ga) diffuses out of the
target rather constant in time, whereas the Zn beam content falls down to the same
level as the contaminant after ~800 ms. This different release behavior will be utilized
in par. 3.3.5.

Experiment A=78 - 2004 ) ) [Kos05]
600 ”
- 78 78 ey
[ Zn+"Ga 2
g 4001~ g
5t
8 L ha
200 %
: ¥ “u"': R 78Ga E e
L 5 (laser off) : ‘ ‘
GU A 1 1 M DD 2&0 4(‘]0 EAO .BD‘D \O‘DO 1200 1400 1600 1800 2000 ZZ‘GD 2400
500 1000 500 Time since proton impact [msec]

Time since proton impact [msec]

Figure 3.3: Left : Particle rate in the CD detector, as a function of time elapsed since the
proton impact, during the A=78 laser on/off runs (2004 experiment) : laser on
(Zn+Ga, open circles), laser off (Ga, open triangles), (laser on minus laser off)
(Zn, solid circles). The release functions from [Kos05] are plotted as well. Right
: Release functions as they are measured right after the ISOLDE mass separator,
taken from [Kos05]

Selectivity in the transfer line [Kos05]

From the wealth of produced fission products, only the investigated element should
be extracted from the target ion source, therefore an element selective mechanism is
needed. One element selective mechanism was touched upon in the previous para-
graph, namely the element dependent diffusion times. The ”volatility” of the element
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is of importance in this case. Elements with high volatility have a shorter ”sticking
time” on the surface. The group 12 elements, like Zn, have an atomic subshell clo-
sure d!°10s? and have a higher volatility then the neighboring elements. Keeping the
temperature of the transfer line just high enough to allow the transport of short lived
Zn isotopes will retain other, less volatile elements by condensing them on the surface
of the transfer line. Cu, Ni, Ga, Ge, As and Se are retained in this way in the Zn beams.

Laser Ionization [Fed00]

The transmitted ions effuse through a thin tube (referred to as ’line’) where ionization
takes place. A powerful element selective ionization process is governed by the reso-
nance laser ionization technique. The atomic excitation energy is provided by pulsed
laser light tuned to strong atomic transitions of the element of interest. For other
elements the laser light is out of resonance and there will be only negligible amount
of ionization and excitation. In the case of Zn the laser ionization is a 3-step ioniza-
tion scheme [Let98]. Frequency tripled dye laser light at 213.86 nm excites the atomic
ground state 3d'%4s2!S to 3d104s4p1P(1). The second transition is performed with dye
laser light at 636.23 nm to the 3d'%4s4d!'D, state from whereon the atoms are ionized
non-resonantly to the continuum with the green copper vapor laser light at 511 nm.
Because only pulsed lasers can provide sufficient peak power to saturate the atomic
excitations, the atoms have to be ’stored’ for the time between two laser pulses to
have at least one chance to interact with the laser light. This is achieved in the long
thin tube through which the atoms effuse. The ionized elements are extracted from
the RILIS by an extraction electrode of 60 kV. This combination of a heated, long
tube and laser light is called the RILIS (Resonant Ionization Laser Ion Source) and is
sketched in Fig. 3.4, where the several parts are indicated together with the proton
beam direction.

Surface Ionization

Due to the high temperature of the tube thermal ionization of atoms occurs next to
laser ionization, depending on the ionization potential of the element. Some of these
ionization potentials are plotted in fig 3.5. The atom loses an electron by hitting the
ion source wall (the heated thin tube) and is re-evaporated as an ion. This ’surface
ionization’ is very efficient when the ionization potential is lower then the work function
of the ionizer. From Fig. 3.5 it is clear that Kr and Br are strongly suppressed due
to their low ionization potential, while Rb, Ga and Sr are possible sources of surface
ionized contamination.

Neutron induced fission

In the case of "76Zn beams (proton induced fission of U) the main beam contamination
stems from Ga (others are chemically retained or the production cross section is much
lower in the proton induced fission reaction). In the A=78 beam a Rb contamination
was observed as well, due to the higher production cross section at A=78 (see Fig.
3.2) and the low ionization potential. An additional selectivity was obtained by the
use of low energy neutron induced fission of UC,, which suppresses the amount of
produced Sr and Rb. Compared to proton induced fission, the neutron induced fission
cross section is more peaked at the neutron rich side. The low energy neutrons were
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produced by sending the proton beam on a heavy metal rod (ex. Ta, referred to as the
neutron-to-proton convertor). Low energy spallation neutrons emitted at large angles
hit the UC container. The direct proton beam and higher energy spallation neutrons
are strongly forward peaked and do not hit the UC target (Fig. 3.6). A measurement
of the beam content at the end of the post-accelerator shows the improvement in beam
contamination with and without the neutron convertor (see Fig. 4.3).
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Figure 3.6: Spallation target.

Conclusion

In conclusion, the innovative target ion source developments at ISOLDE have made
it possible to produce high intensity Zn beams. Due to the selective laser ionization,
the presence of non laser ionized contaminants, such as Ga, can be identified in the
final RIB. Other isobaric contaminants should be reduced below the % level. A careful
investigation of particle and gamma spectra will be performed in par. 4.2 in order to
establish the beam content.

Mass separation and Yields

After the extraction of the single charged ions from the ion source, the radioactive
beam is mass separated by either the General Purpose Separator (GPS) or the High
Resolution Separator (HRS) which have a mass resolving power of resp. AM/M=2400
and 5000. The GPS was used in the experiments described in this work. After the GPS
an ”"on-line” yield measurement is done prior to each experiment with Radioactive Ion
Beams, in order to evaluate the feasibility of the experiment. In table 3.1 the on-line
yield for the considered isotopes are given for the experiment in 2004 and additionally
(between brackets) values are given from 2005. Yields are expressed in ions/uC, which
can be converted to ions/sec depending on the incoming proton beam intensity (e.g. :
3.0E13 protonsx 1.6E-19C /2.4sec = 2uA).

YIELDS [ions/uC]
proton induced neutron induced
A Zn Ga Rb Zn Ga Rb
74 | 2.0E7 - - 2.0E6 2.8E5 -
76 | 5.0E6 - - 9.2E5 - -
78 | 5.7E5 1.2E6 >>1.2E6 | 3.9E5(1.3E5)! 1.5E5 <
80 | (3.4E4)! 3.0E4(1.6E4)! 6.7E4 1.1E5

Table 3.1: Online yield measurements after the GPS, in ions/uC for ™75 7n Ga and Rb
from 2004. Between brackets new values from 2005 are given. (*=the transfer line
material is quartz instead of Thallium.)
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3.3 REX-ISOLDE

The Radioactive beam EXperiment in ISOLDE was proposed in 1994, as a pilot
experiment to bunch, charge breed and post-accelerate already existing mass separated
singly charged radioactive ions in an efficient and cost effective way [Hab94]. The
bunching of the RIB is necessary because of 1- the charge breeding times which are
typically 20 msec (lighter ions, e.g. Mg) — 200 msec (heavier ions, e.g. Cd), 2-
the duty cycle of the linear accelerator and 3- to increase the signal-to-noise ratio in
measurements with low RIB intensity.

3.3.1 Penning Trap (REXTRAP)

The continuous RIB is injected into a Penning Trap ¢ where the ions are decelerated
by the high voltage of the Penning Trap from 60 kV to some eV. Further deceleration
(or cooling) occurs through collisions with the Ar or Ne buffer gas in the trap at a
pressure of 1072 mbar (see Fig. 3.7B for an illustrative sketch of the process). By the
cooling in the buffer gas the transverse emittance’ of the extracted beam improves.
Further improvement of the emittance and additional purification of the extracted
beams might be achieved by applying a sideband cooling technique ( [Ame05]). The
intensity limitation of the Penning Trap is given by the Brilloin limit for the charge
density in a magnetic field. The limit depends on the mass of the stored ions and is
typically =~ 10%/cm? [Ame05]. The ions are extracted from the trap in short bunches
of 10-50 usec by lowering of the potential and re-accelerated to 60 kV. The extracted
ions are transported through a vertical beam line to the EBIS ion source. The Penning
Trap is illustrated in Fig. 3.7D. [Ame05]

3.3.2 Electron Beam Ion Source (EBIS)

The Electron Beam Ion Source (EBIS) is intended to charge breed ions by electron
impact ionization, prior to injection into the compact linear accelerator. An electron
gun delivers mono-energetic electrons of 3-6 kV with a beam current of 100-500mA. The
electron beam is confined by a 2T superconducting solenoid magnet to 150A /cm? (see
Fig. 3.7E). A radial confinement of the ions is obtained by the potential depression
of the negative space charge of the electrons, while the longitudinal confinement is
arranged by potential barriers established by cylindrical electrodes surrounding the
electron gun (see Fig. 3.7C). The breeding efficiency is large when there is a phase
space overlap between the confined electron beam and the injected ions. The limitation
on the number of stored ions in the EBIS is given by the space charge of the electron
beam, which is typically ~10'° charges. In general this is not the limiting factor in
the Trap-EBIS combination. The vacuum inside the EBIS must be 10~ mbar so a
several differential pumping stations are installed on the vertical beam line. Still, rest-
gas atoms from the Penning Trap buffer gas are injected in the EBIS and occur as
contaminants in the final RIB delivered by the EBIS. [ISO06, Rex06]

The charge breeding time in EBIS, which is identical to the trapping time in the
REXTRAP, was 78 msec for the experiments described in this work (A=74,76,78 in
2004). At a rate of ~13 Hz, the EBIS injects bunches of particles in the REX linac.

SA cylindrical trap which captures ions by applying electromagnetic fields.

"Emittance is defined as a figure of merit for the divergence of a particle beam. It expresses the
extent occupied by the particles in the space and momentum (phase-)space. Good emittance improves
the charge breeding efficiency, see par. 3.3.2.
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The release from the EBIS lasts for ~ 150-300usec, as shown in Fig. 3.8B2 and Fig.
3.21. [Ame04]

(A)
ISOLDE |y piatiorm | cooled beam of singly
beam 60 kV charged ions 60 keV
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e 2
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Figure 3.7: (A) The Trap-EBIS combination. (B) Sketch of the bunching process in the

Penning Trap : cooling of the incoming RIB is done through collisions with the
buffer gas. (C) Sketch of charge breeding process in the EBIS : after bunching
in the Penning Trap, the ions are re-accelerated to 20-60 kV and confined within
potential barriers in the EBIS. (D) Picture of the Penning Trap. (E) Picture of
the EBIS, the cylinder contains the liquid He for cooling of the superconducting
magnet. Pictures taken from [ISO06].
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3.3.3 The A/q separator

The beam delivered by EBIS consists of the required radioactive ions originating from
the ISOLDE primary target and residual gas ions from the REX-TRAP combination.
Therefore an additional mass separation according to the A/q ratio is required. Due
to the (wide) potential depression of the electron beam, the extracted ions have a large
energy spread. In an S-shaped combination of deflectors, a first separation performs
an electrostatic separation to energy, irrespective of the mass. The second separation
stage contains a magnetic deflector where the optimum A/q ratio can be selected
in the focal plane. Prior to any experiment a scan is made over A/q (see tab.3.2)
in order to determine the A/q setting with the least contamination from the REX-
EBIS combination (rest-gas). It should be emphasized that at this stage the isobaric
contamination originating from the primary ISOLDE target is still present. In Fig.
3.8A an example of such a scan is given for mass 74, obtained during the experimental
campaign of 2003 8. The main contaminants being rest-gas atoms (?>?2Ne and °Ar)
With the (REX-)Trap closed (no RIB is injected) the rest-gas particles are present,
while with the (REX-)Trap opened, the RIB is separated as well. In 2003 an A/q
setting of 4.11 was set for A=74 ("*Zn'®*), important contamination was present
from stable 6Zn(16+) (A/q=4.13) and “°Ar(19) (A/q=4.00). In 2004, better vacuum
conditions in the EBIS source reduced the stable contaminants in the RIB considerably
(see par. 4.2). In Fig. 3.8B an EBIS time release curve is plotted for the A=74 (2003)
experiment, for periods when the ISOLDE beam gate is open (RIB ON) and closed
(RIB OFF). Note that in 2003, the ISOLDE beam gate was ~0.6 sec, whereas in 2004
this was 1 sec. A remarkable difference is observed for the ”early” and ”late” EBIS
times. The total extraction pulse including A=74 isotopes lasts ~150-300usec, while
the lighter contaminating particles are extracted already after 60usec ("early EBIS”).
This is illustrated in the particle identification plots of Fig. 3.8C. In this way, stable
contaminants can be identified by gating on the status of the ISOLDE beam gate. The
EBIS release curve for A=74, obtained in 2004, is given in Fig. 3.21.

20N 22N, 40 A, 36 Ay Tdy,  T67n  T87n,
90.48% 9.25% q 99.6% 0.34% q - - -
6.67 7.33 8 5.00 4.50 17 435 447 4.59
5.00 5.50 9 4.44 4.00 18 4.11 4.22 4.33
4.00 440 10 4.00 3.60 19 3.89 4.00 4.11
3.33 3.67 11 3.64 3.27 20 3.70 3.80 3.90
2.86 3.14 12 333 3.00 21 352 362 3.71

N O Ot = W

Table 3.2: A/q values for possible beam particles (incl. beam contaminants). The natural
abundances for each stable isotopes are given as well.

8The experiments described in this work originate from 2004. The A/q scan from 2004 is similar
to the scan from 2003 in Fig. 3.8
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Figure 3.8: (A) A/q scan (2003 campaign) at the exit of the mass separator after the EBIS
ion source with “trap closed” (no RIB) and “trap open” (with RIB). The A=}
beam was delivered at A/q=4.11 (187). (B1) Release profile of the RIB out of
the ISOLDE primary target. A beam gate of ~500 msec was applied after the
proton impact. (B2) Release profile of the EBIS as detected by the CD detector
at the MINIBALL setup. (C) The identification of the contaminants is based on
the energy versus scattering angle plots. Contamination from %6 Zn and *° Ar was
observed. The first column represents the "Early EBIS” (0-60 usec) after the
extraction started, the second column represents the ”Late EBIS” (60-120 usec)
after the extraction started. The first row is acquired 0-600 msec after the proton
impact (RIB present), the second row 600-1200 msec after the proton impact (no
RIB present, since the ISOLDE beam gate is closed).
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3.3.4 The REX-Linac

Due to the limited space in the ISOLDE hall (prior to 2004) and to reduce costs, the
linac was designed as compact as possible. The design A/q acceptance of the linac is
4.5. In order to keep the possibility open for accelerating heavier masses, the isotopes
should be brought to a charge state higher then one. Therefore the bunching and
charge breeding concept for REX-ISOLDE was developed. The highly charged ions
are accelerated over 4 different resonator sections, each adjustable over a certain energy
range. The different parts of the linac are shown in Fig. 3.9. The first type of resonator
is an RFQ structure (not visible in Fig. 3.9) which accelerates the extracted particles
from the EBIS from 5 keV /u to 300 keV /u. The next IH-structure further accelerates
the ions to an adjustable energy of 1.1-1.2 MeV /u. The final acceleration stages consist
of three 7-gap resonators delivering energies over the range 0.8-2.25 MeV /u, and a 9-
gap resonator, installed in early 2004 which brings the highest energy up to 3.0 MeV /u.
The resonance frequencies are 101.28 MHz (7-gap) and 202.56 MHz (9-gap). The ion
bunching in the REX-Trap is synchronized with the linac operation. The ratio of the
time over which the linac is 'ON’ (RF power is transmitted to the cavities) over the
total time between EBIS pulses is called the duty cycle and amounts 10%. The injection
rate of ion bunches from the EBIS into the linac is called the repetition rate and is
maximal 50 Hz. The Zn Coulomb excitation experiments in 2004 were performed at
a repetition rate of ~13 Hz (charge breeding and bunching ~80 msec). The energy
upgrade of the last 9=gap resonator section is crucial for the feasibility of the Coulomb
excitation experiments, since due to the low beam intensities, high cross sections are
needed. As exemplified for *Zn in Fig. 3.10, the total cross section is a factor of 2
higher at 2.8 MeV /u compared to 2.2 MeV /u, indicating the importance of the 9-gap
resonator. [Kes03]
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Figure 3.9: Layout of the REX linac in 2004. (Pictures taken from [Nie05])
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3.3.5 Time structure of (REX-)ISOLDE

In Fig. 3.11 the relevant timing signals related to the REX-ISOLDE operation are
given. In table 3.3 the three main time signals are summarized with their periodicity
and their usage in the analysis.

The first periodic time signal in Fig. 3.11 is the time pulse issued at the beginning
of a new supercycle of the PS booster. The periodicity is always a multiple of 1.2sec,
in the considered experiments this was 14x1.2sec (A=74,76) and 21x1.2sec (A=T78).
The signal is used to drive a laser shutter which blocks the laser light towards the thin
ionization tube. In the data acquisition the status of this shutter is stored in a pattern
unit, which is read out after each On and Off Beam window.

The second time pulse is the T1 proton pulse, generated each time the ISOLDE HV
is switched off. This indicates the proton beam will impinge on the primary target.
Every other second proton pulse was sent to the ISOLDE target in 2004. From the
time T'1 on, the radioactive ions will diffuse out of the target as discussed in par. 3.2.1.
The usage of the proton time information was already demonstrated in Fig. 3.3 and
Fig. 3.8. By imposing conditions on the time difference between particle arrival and
proton impact, the ISOLDE beam gate information is exploited. Closely related to
T1, is the T2 signal which indicates the rise of the HV after the proton impact. This
signal was not used in the current experiments.

The third time information is related to the EBIS injection into the linac. The signal
is used to trigger the data acquisition for an ”In Beam” measurement ("BEAM ON”
in Fig. 3.11). The same time information is send to the linac to synchronize the
accelerator with the ejected particle bunches. The usage of this time information was
demonstrated in Fig. 3.8. The "In Beam” window is crucial in the operation and data

9The proton beam ionizes the air in the target area, because it is not conducted through a high
vacuum beam line towards the ISOLDE primary target. The HV needs to be switched off because the
highly ionized air might cause sparking in the target area.
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acquisition of the REX-MINIBALL setup. During the ”In Beam” window, the post-
accelerated isotopes reach the MINIBALL setup and the measurement of the nuclear
properties is performed only then. The ”In Beam” window lasts for ~780 psec which
is long enough to cover the full EBIS release curve. The ”Off Beam” window will be
discussed in par. 3.5.

Time Information Periodicity Analysis

PS supercycle 12-21x1.2 sec laser ON/OFF cycle
T1 proton pulse every 2.4 sec beam gate ISOLDE

EBIS pulse every ~40 msec In Beam measurement

Table 3.3: The different time signals relevant for MINIBALL experiments and their usage in
the analysis.
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Figure 3.11: The time structure of the different stages in the ISOLDE laboratory : 1- The
supercycle (PS booster, sec), 2- The proton impact time (sec), 3- The Trap
and EBIS trapping and charge breeding time (msec), 4- The EBIS release time
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3.4 The MINIBALL setup

Integrated in the original REX-ISOLDE design [Hab94], a high resolution gamma
spectrometer was envisaged in order to perform nuclear structure experiments on low
intensity post-accelerated radioactive ion beams. This idea has been elaborated since
1996 and resulted in the fully operational MINIBALL detector array in 2001. The
MINIBALL array is a high resolution Ge detector array in a close geometry to in-
crease the total efficiency. Advanced segmentation of the Ge crystals and pulse shape
processing increases the granularity of the detector and provides the possibility for
Doppler correction of the in-flight emitted gamma rays. In Fig. 3.12A the present
MINIBALL setup is shown at the end of the REX-linac, around a 60° beamline. The
MINIBALL detectors surround the secondary target as shown in Fig. 3.12B.

Figure 3.12: A. The full setup at the end of the REX-linac. B. Detail of the secondary target,
contained inside the spherical target chamber. The HPGe detectors are placed
in “close geometry” around the target chamber.
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3.4.1 The Germanium Detector Array MINIBALL
Introduction

The MINIBALL detector array consists of 8 cluster detectors, where each cluster con-
tains 3 individually encapsulated Hyper Pure Germanium (HPGe) crystals, surrounded
by an aluminium cap. Each crystal is electrically segmented!? in 6 parts (=segments)
along the crystal side, as depicted in Fig. 3.13. The central electrode, where the de-
pletion High Voltage is applied, is referred to as the ”core”. Typical depletion voltages
for a MINIBALL HPGe crystal are 2.5-4.5 kV. The individual cores of MINIBALL
assure a ”granularity” of 24 (3x8) individual parts, the 6 fold segmentation brings the
7electrical granularity” to 8x3x6=146. The three crystals are mounted on a cold finger
and are kept at LN2 temperature. The 8 clusters with their attached dewar, containing
the liquid nitrogen (LN2), are mounted on 4 flexible aluminum arms. The clusters can
be positioned in theta (angle with the beam axis), phi (cone around the beam axis)
and alfa (spin around the cluster center) direction (see Fig. 4.13). The solid angle
coverage of the 8 clusters at a target-cluster distance of ~11 cm is ~60% of 4m. The
average -y resolution of each core is 2.3 keV at 1.3 MeV, for the segments this is 2.8
keV.

Electronics

The pre-amplified signals from all 24 cores and the 146 segments are send to the
"Digital Gamma Finder” (DGF, X-ray Instruments Associates). Two DGF modules
are used per crystal, where the pre-amplified signal from the core is send to a ”master
trigger” channel, while the remaining 7 inputs on the DGF modules are used for the 6
segment signals (1 remains empty). This layout of the signals is used for Pulse Shape
Analysis on the several segments and is illustrated in Fig. 3.13. The core contact
always detects an interacting y-ray, while it depends on the interaction point in the
crystal if a segment detects the signal or not. The concept of mirror charges, discussed
in [Gun00], is used for pulse shape analysis (PSA), but this feature of the MINIBALL
is not used in this work. The DGF channel containing the core signal serves as a
trigger to read out the accompanying segment channels on the crystal. In this way, a
direct correlation exists between the detected core energy and the segment energy. The
segment information is used in the Doppler correction of in-flight emitted ~-rays. It is
assumed that the first interaction of the v ray (which determines the emission direction
of the y-quantum) coincides with the 'main’ interaction (=the interaction where the
highest energy is deposited in a Compton event). This is a reasonable assumption in
the energy range of the relevant ~ rays in this work (600-1172 keV). In the add-back
mode (where coincident gamma-ray energies in neighboring cores on the same cluster
are summed), the segment number correlated with the core where the highest energy
was detected is assumed to be the first interaction point.

The DGF module is the first fully operational digital module used in v ray spectroscopy.
In the current MINIBALL setup (2004) the particle branch (see par. 3.4.2) is not read
out in digital modules, so a link must be established between the analogue particle
branch and the digital v branch. This will be discussed in par. 3.4.2.

10The electrical segmentation is achieved by shielding part of the HPGe crystal-sides during implan-
tation of Boron n-type impurities. In this way, only parts of the crystal are electrically contacted and
they can be read out separately.
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Figure 3.13: The HPGe crystal and its segmentation. 24 of these crystals are mounted in
groups of 8 on 8 clusters. The core and the 6 accompanying segments are read
by 2 XIA DGF modules.

Photopeak efficiency and calibration

The photo-peak efficiency for the full MINIBALL array was determined with a %?Eu
(T1/2=13.537(6) y) source positioned inside the target chamber on the central target
position. In table 3.4 the highest intensity lines are given, together with their branch-
ing ratio. The absolute efficiency was determined by gating on the 744 keV gamma
line which is part of a gamma cascade together with the line at 345 keV in the 3-decay
of 152Eu. The absolute efficiency is then the number of counts in the gated 345 keV
line over the number of counts in the singles 744 keV line. The absolute efficiency
curve, when the clusters are operated in add-back mode, is reproduced by a GEANT4
simulation of the full MINIBALL Ge array !'. The resulting experimental and sim-
ulated '52Eu spectra are shown in Fig. 3.14 together with the absolute efficiency for
each calibration point. It should be pointed out that the main analysis in this work
relies on a relative comparison of two gamma energies in the interval ~400-1200 keV,
so the absolute determination of photopeak efficiencies is of minor importance.

The absolute efficiencies, with and without add-back, were fitted with a function con-
sisting of a sum over logarithms :

4

In(e;) = > Ai(ln(Brev))’, (3.3)

=0

with Ap=-31.01, A1=19.61, Ay=-4.73, A3=0.49, A4=-0.02. The accuracy of the fit
was tested by comparing the simulated and experimental ”add-back factor”, which is
defined as the ratio of the absolute efficiency with add-back over the absolute efficiency
without add-back : ewith4B /ewithoutAB (AB—Add-Back). In Fig. 3.15 the solid line
represents the ratio of the fitted efficiency curves (eq. 3.3). The experimental points

"LGEANT4 code provided by the Heidelberg group [Boi05]
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in Fig. 3.15 originate from the ®>Eu calibration (eight points) and the experimental
yields from the Coulomb excitation measurement. The simulated add-back factor is
higher then the observed add-back factor, which might originate from increased low
energy background (up to ~300 keV). Though, the overall trend in the add-back factor
is accurately reproduced by the simulation.

E, [keV] L, %]
121.7817(3) 28.53(6)
244.6975(8)  7.583(19)

344.2785(12)  26.5(4)
778.9040(18) 12.942(19)
964.079(18)  14.605(21)
1085.869(24)  10.207(21)
1112.074(4)  13.644(21)
1408.006(3)  21.005(24)

Table 3.4: y-decay lines from the (3-decay of 2 Eu, only the used energies and ~y-intensities
are listed. In bold, the cascade ~v’s used to normalize the experimental relative
efficiencies to absolute efficiencies. Values taken from [Lun06].
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Figure 3.14: Top : FExperimental and simulated photopeak efficiency for a 2FEu source,
with and without cluster add-back. Bottom : Simulated (red) and experimental
(black) 1°2 Bu spectrum, with and without cluster add-back.
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3.4.2 Particle Detector
Introduction

Inside the target chamber, a double sided silicon strip detector is mounted, 30.5 mm
after the secondary target. This segmented Si detector [Ost02] consists of 4 identical
and independent quadrants. The 4 segmented Si detectors have a Si wafer thickness
between 476 pm and 481 pym. Each quadrant consists of 16 annular strips (0 - front
plane) and 24 sector strips (¢ - back plane). The front side annular strips have a
width of 1.9 mm and a pitch of 2 mm, the sector strips have a 3.4° pitch. In Fig.
3.16 a schematic front view of the CD detector is shown, together with a picture of
one quadrant. To reduce the high instantaneous particle flux in the center strips of
the CD, a plug was inserted in the central hole. The plug limits possible radiation
damage to the inner strips of the CD detector during the high intensity A=74,76 runs.
It completely shields the inner three strips, while in the analysis the four inner strips
were left out because the 4th strips was partly shielded. The loss in cross section when
shielding strips 0-i (i=0...15) is plotted in Fig. 3.17 for the A=74 experiment, where
the ratio of the detected integrated Rutherford(Coulomb excitation) cross section for
the shielded CD over the full CD range is plotted. Shielding strips 0-3 reduces the
Rutherford cross section to ~22%, while the Coulomb excitation cross section is only
reduced to ~68%. This shielding thus reduces considerably the huge elastic scattered
particle flux in the CD, while the Coulomb excitation yield is only partly reduced.

Figure 3.16: The Particle Detector : Left = schematic drawing of the CD (taken from
[Ost02]) - Right = picture of 1 quadrant of the CD with the area indicated
used in the experiment.

Calibration

The annular strips were calibrated with a triple alpha source, consisting of 239Pu,
24 Am and ?**Cm with alpha energies of (resp.) 5.156 MeV, 5.486 MeV and 5.805
MeV. The raw and calibrated spectra are shown in Fig. 3.18 for the 4th inner strip
in 1 quadrant, in Fig. 3.18A,C for the alpha calibration runs and in Fig. 3.18B,D for
the "Zn on '2°Sn target at 2.83 MeV /u. In the spectrum the two lower energy peaks
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Figure 3.17: Reduction of the detected cross section (c.s.) if a plug shields strips 0 to 1
(i=0...15).

correspond to contaminating beam particles. These can be identified by their kine-
matics and the limit put on their mass to fit the A/q setting (=3.8 in 2004). The most
probable candidates are then 22Ne and 4°Ar (see tab.3.2) as contaminating particles.
The extrapolation from ~5-6 MeV, where the alpha calibration is performed, to higher
energies assumes perfect linearity of the CD system and ADC response. The simu-
lated energy position of the Zn and ?2Ne peaks (dashed line in Fig. 3.18 D) differ
5-10 MeV from the (alpha-)calibrated CD energy peaks (black line in Fig. 3.18D). In
order to improve the calibration, the simulated energy position for "6Zn and ?2Ne were
included in the calibration. The position of the small “°Ar peak, which is not used
as a calibration point, fits the improved calibration with triple alpha, >?Ne and "%Zn
(small peak ~80MeV in Fig. 3.18D).

The energy information of the CD detector is used to identify the scattered particle
in an energy versus scattering angle plot (for example Fig. 3.20 for A=76) and to de-
termine the velocity of the in-flight decaying nucleus for use in the Doppler correction
formula (see eq. 4.26). In Fig. 3.19, the impact of the detected energy on the resolution
of the Doppler corrected photopeak for the “6Zn Doppler broadened Coulomb excita-
tion peak is illustrated. AE=0 corresponds to the rough calibration with the triple
alpha source, while higher and lower AE values correspond to energy offsets added
to the detected energy. The minimum FWHM of the Doppler corrected photopeak is
obtained when ~5-10 MeV is added to the detected energy, in correspondence with
the more accurate calibration discussed above.

If there is no need for identification or Doppler correction the energy information is
ignored. The final result in this work relies on the timing information rather then on
the detected energy (see Chapter6).
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As was already mentioned in par. 3.4.1, the particle branch is not fully digital read out.
In order to join particle and v information, the timing of the CD energy signals was
performed with DGF modules. The energy signal from the CD was sent to analogue
peak sensing CAEN ADC’s. The four ADC’s operate independently from each other
12 With every accepted particle (see par. 3.5.2), which is send to the CAEN ADC,
a block pulse is send to an input channel of a DGF module. In this way the time of
the particle is stored as a digital ”timestamp” in a dedicated DGF module. The time

12Before 2004 this was not the case : the four quadrants were read out at the same time. The
decoupling of the four quadrants increases the detection efficiency of the CD, because the detection of
a particle 1 quadrant does not ”blind” the other quadrant !
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correlation between ~’s and particles is in the offline analysis limited to a comparison
of digital time stamps.

3.5 Data Acquisition

3.5.1 Synchronization with REX-ISOLDE

Each timing signal related to (REX-)ISOLDE, discussed in par. 3.3.5, is digitally time
stamped in a dedicated DGF module. The EBIS time stamp is used to synchronize the
data acquisition with the EBIS extraction and the linac operation. With every EBIS
extraction, an ”In Beam” window is opened of ~780 usec during which data is taken.
Only during ~150 wsec (the EBIS pulse length) particles arrive at the MINIBALL
setup. After this ”In Beam” measuring window, all the modules are read out by the
Marabou data acquisition system [Lut06]. Reading and transferring the data stream
takes ~3-5 usec. ”Scalers” are read at a rate of 1 Hz, which increases the readout time
considerably (up to 10 usec). These scalers give an overall counting rate per second
of the particle and v detection systems, this information will be used in Chapter6. If
there is sufficient time between the ”In Beam” readout and the next EBIS pulse an
7 Off Beam” window is opened, during which the + background in the MINIBALL area
is measured. During the ” Off Beam” window no beam is present, so the CAEN ADCs
contain no data. It was observed that an important amount of bremstrahlung from
the 7- and 9-gap resonators is present in the ”In Beam” spectrum. This important
low-energy background is not observed in the ” Off Beam” window, when the resonators
are off. This will be illustrated in Fig. 4.10,4.11 and 4.12 in Chapter 4.

The use of the proton pulse related T1 signal (see 3.3.5) is illustrated in Fig. 3.20 for the
A=T76 run of 2004 (the experiments from 2005 are similar). The ISOLDE beam gate is
opened for one second, ~7 msec after the proton impact. As was illustrated in Fig. 3.3,
most of the Zn isotopes are released from the target after this period. The one second
beam gate will be referred to as 'RIB ON’, because the radioactive Zn and Ga isotopes
are injected into the Penning Trap. Outside this gate, only rest-gas from the Penning
Trap and EBIS is detected and will be referred to as 'RIB off’. The rest-gas beam is
only a small fraction of the total beam intensity during the RIB on periods (see 4.2).
From a simulation of the elastic scattering in the CD, a mass determination can be
done for this rest-gas beam. The natural abundant ?2Ne is identified, together with a
negligible amount of ““Ar. During the A=74 and A=78 runs no rest-gas contaminants
were present, due to a different A/q setting of the mass separator after the EBIS.
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3.5.2 The coincidence condition

The beam pulse from the EBIS lasts for about 300 usec (see Fig. 3.21 for A=T74),
with most of the particles arriving in the first 150 psec. The sharp peak at Tpqrticie-
Trprs=130 psec lasts for 15 usec (Fig. 3.21), corresponds to the constant dead time
of the particle detection ADC. Particles arriving within 15 usec after the first detected
particle are not ”seen” by the ADC. The dead time induced by the detection of the
(overwhelming) elastic scattered particles (Rutherford cross section) should be limited
since the nuclear information is contained in the inelastic cross section. Therefore, a
particle-y coincidence was constructed on the detector level, which limits the detection
of elastically scattered particles.

The relevant signals are shown in Fig. 3.22. The signals from the 16 front and 12 back
strips '3 of each quadrant are send to ”Edinburgh/RAL108” pre-amplifiers, and from
there on send to ”Edingburgh/RAL109” shaping amplifiers where both a constant
fraction timing (CFT) and gaussian-like shaping is performed to produce the fast
timing and energy signals ((1 and 2) in Fig. 3.22). The 16 timing signals from the
front strips are OR’ed and the resulting quadrant timing signal((2) in Fig. 3.22) is
send to a delay unit where it is delayed by ~500 ns ((4) in Fig. 3.22). The back strip
timing signals (12) are send to TDC channels. The delay of the quadrant (front strips)
timing signal is necessary because of the slower fast timing signals generated by the
DGF modules (~200 ns, leading edge timing on the digital pre-amp pulse), compared
to the RAL CFT. A logical OR of all fast timing signals from the cluster cores (24
time signals'#,(6) in Fig. 3.22) opens a coincidence gate of 500 ns ((7) in Fig. 3.22). A
coincidence trigger for each quadrant is generated if the delayed particle trigger falls
within the 500 ns gate. If a coincidence trigger is generated, the particle is detected
without any further condition and an ADC gate ((3) in Fig. 3.22) is generated to detect
the energy signal of the particle ((1) in Fig. 3.22). If there was no coincidence trigger, 1
out of 64 of these events are recorded as well. It is important to note that in the current
MINIBALL setup « ray detection is not conditioned ! Only the particle detection is
conditioned by the coincidence with a . The conditioned particle detection will be
referred to as ”downscaling”, while the « data can be referred to as ”singles” data.

131n fact, 24 back strip signals were send to the electronics, the joining of 2 neighboring backstrips
was done at the level of the RAL-amplifiers. A better solution would be to join the 2 signals at the
detector level.

'4The fast timing signals referred to at this point are in fact the ’MULT OUT” signals, available on
the front panel of a DGF module, see [XIA]. An additional shaping of this output signal is required
to improve the timing properties of the yfast timing signal, this is done with a dedicated NIM module
designed by the Cologne group.
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Figure 3.22: The coincidence timing - for details : see text.

3.5.3 Event structure

The raw data is written to an array of hard disks in the 'med’ format [Lut05]. The
format is based on the GSI MBS (sub)event structure. A C++ code to translate
the raw data in the 'med’-file to a user friendly format containing energy, time and
position information of particles and gamma’s was developed by the MPI, Heidelberg.
The further sorting of the raw data can be divided into 3 steps :

STEP 1 : calibration of ADC channels and threshold settings + matching of time
stamps in TDGF’s with particles in CAEN ADC’s. If there is a mismatch this ADC
is ignored. All detected gamma’s in the DGF core channels are calibrated and the
segment number with the highest detected energy is correlated with it.

STEP 2 : All detected particles with their associated timestamp are written to separate
entries of a ROOT tree. The gamma’s in a window of 4 usec around the particle
timestamp are correlated to this particle. This ROOT tree (referred to as 'rt’ in the
following) is most suitable to analyze particle spectra.

STEP 3 : During STEP 2 it is possible that the same gamma is correlated to two
particles. This can be either by random coincidences or by the 'real’ kinematical case
of target and projectile detection in opposite quadrants. In this step of the analysis,
the ROOT tree created during step 2 is taken as input. First an add-back routine is
imposed on the gamma’s correlated in the 4 psec window around a particle. Then,
these add-back gamma’s are written to individual entries of a separate ROOT tree and

CAEN ADC
coincidence or downscaled

DGF - particle time stamp
coincidence or downscaled
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particles are correlated to them, with a flag indicating whether they came in prompt
or random coincidence with the gamma. In this root tree, one gamma is correlated
with several particles. The add-back routine sums up the energy in two neighboring
core channels (two cores on the same cluster) when both of them detected a gamma
in prompt coincidence. The time difference spectrum for two such gamma’s arriving
in two neighboring cores is shown in Fig. 3.23. The ’prompt’ time condition to
reconstruct an add-back event (sum of the two energies) ranges from -100 ns to +100
ns. The segment number of the highest energy gamma is attached to the add-back
gamma.



Chapter 4

The Coulomb Excitation
Experiment

4.1 Kinematics considerations

The relation between the scattering angle in the laboratory frame (LAB) and the
scattering angle in the center of mass system (CM) is given by

sin(Jconr)

cos(Vop) + 1 (4.1)

tan(eLAB) =

where Yons,0r4p is the scattering angle of the projectile in the CM, LAB system
respectively and 7=A,,/A; with A, the mass of the projectile (beam) and A; the mass
of the ejectile (target). The kinematics for A=74 (7=0.617) is given in Fig. 4.1A and B.
The solid lines correspond to the ”pure” kinematics case, without energy loss through
the target. The scatter plot is a simulation of the kinematics taking into account
energy loss through the target material, a random interaction depth in the target and
a beam spot of 4 mm FWHM. The simulation was done with an isotropic distribution
of CM angles and electronic and nuclear energy losses are taken from SRIM2003 [SRI].
Over a certain CM range (A=74 : ¥¢p,=83°-106°), both the target-like as the beam-
like particles are detected in the CD detector. In Fig. 4.2 the simulated (top) and
detected (bottom) energy versus lab angle is plotted. The separation between the two
CM regions is not always clear in the experimental spectrum. In Chapter 5 the three
CM ranges defined in Fig. 4.1 will be used to check the consistency of the B(E2) value.
In Fig. 4.1C the calculated cross section is shown for the 07 —2] excitation in ™Zn.
The differential cross section is calculated with the Coulomb excitation code ”CLX”
(see par. 4.6.2) and with a B(E2,2] — 0{) = 0.201 eb. No higher spin states nor a
quadrupole moment were assumed in this calculation.

BEAM TARGET ENERGY [MeV/u] | dean Yearz doms  Yonn

A7n 120Gy, 2.87 46.6 73.1 829 121.7
671 120Gy 2.83 471  73.1 839 121.7
871 108pq 2.87 49.7 732 888 121.7

Table 4.1: Ezperimental details for the "47578 Zn experiments : CM angles covered by the
particle detector, the beam energy and the target.

71
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Figure 4.1: A./B. Kinematics relations (energy/lab angle versus CM angle) between projectile
(beam,™ Zn) and ejectile (target,'?°Sn). The scatter plot is a simulation, taking
into account a beam spot of 4 mm FWHM and energy loss through the target.
C. Differential Coulomb Excitation cross section of ™Zn (0% — 2% excitation).
The angular range of the CD detector, used in the analysis is indicated by the
solid lines. The region where both target and projectile are detected in the CD is
indicated by the dashed lines.
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The kinematics for "%Zn on '2°Sn and "®Zn on '%®Pd is completely analogue to the
above discussed A=T74 case, the only difference being the incident beam energy and
the angular limits of the CM ranges (CM1,CM2 and FULL in Fig. 4.1A and B). In
table 4.1 the limiting angles are summarized for the three cases. These values depend
on the exact CD-target distance, which was determined to be 30.5 mm.
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Figure 4.2: Bottom : experimental energy versus scattering angle plot for the A=74 exper-
iment. The black line indicates the separation between CM1 and CM2. Top :
simulated energy versus scattering angle plot of projectile (Zn) and ejectile (tar-
get). In the simulation, a beam spot with FWHM of 4 mm was assumed. The
separation between target and projectile is possible. Though, small overlap is 0b-
served for higher laboratory angles and a higher then expected intensity at the
lower laboratory angles in the CM2 region indicates contributions from CM1 par-
ticles in the CM2 region.
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4.2 Beam Contamination

The normalization of the discussed Coulomb excitation experiments is given by the
amount of target excitation (see eq. 2.39). Since the contaminating particles excite
the target as well, it is of prime importance to know the ratio of Zn to Ga (and
Trap/EBIS-) particles in the beam. In the following paragraphs an overview will be
given how the ’Zn-to-total’ ratio (R) can be extracted from the experimental data.

So far it was assumed that the only isobaric contaminant in the A=74,76,78 beams is
Ga, as was discussed in the section on the RIB production (3.2). An explicit identifi-
cation of the beam content was performed before the A=78 run (settings for A=78) by
sending the post-accelerated beam into an ionization chamber, where a Z-dependent
AE(gas)-E(Si) measurement provides identification. With protons send directly onto
the primary ISOLDE target the contaminants are Ga and Rb (see Fig. 4.3A). Send-
ing the protons on the ”convertor” (see par. 3.2.1), the isotopes are produced by low
energy neutron induced fisson and the ®Rb contamination is drastically reduced (see
Fig. 4.3B). The Rb contamination in the A=74,76 beams (proton induced fission) is
expected to be much lower, because the production cross section for “4"Rb is much
lower (see Fig. 3.2). Other possible isobaric contamination can be traced by their char-
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Figure 4.3: A-E spectrum obtained during the preparation of the A=78 experiment. The
purest RIB was obtained with the usage of the proton to neutron convertor (neu-
tron induced low energy fission instead of high energy proton induced fission).

acteristic radioactivity (unstable contaminants) and by observed Coulomb excitation
of these nuclei (both stable and unstable contaminants). Traces of Coulomb excitation
of isobaric even-even nuclei should be observed in the laser off spectra if these isotopes
are present in the RIB. For A=74,76 the Doppler corrected Coulomb excitation spec-
tra are shown in Fig. 4.4. The 21+ energies are indicated for neighboring even-even
isobars. No evidence for Doppler corrected Oi" —>2f Coulomb excitation yield from
these even-even isobars is observed.
Another source of contamination is the rest-gas from the (REX-)Trap. It will be shown
that corrections to the target yield are particularly small for these light contaminants.
Eq. 2.39 must be adapted to account for the target excitation by Ga and possible
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Target,total

Target,Zn __ ~,2+ 0+
7’2+_’6+ - B rget oFarget (4'2)
arge arge
(I = rx — )
Target Target

where r=Ig,/1z, and rx=Ix/Iz,. The following paragraphs will describe how the
ratios r and rx are deduced from the experiment.

4.2.1 Laser On/Off runs

The laser ionization offers a unique tool to disentangle the Zn and Ga contribution in
the final RIB. Recalling that Ga is surface ionized in the RILIS while Zn is selectively
laser ionized, the Zn beam can be cut off by switching off the laser light. Two modes
of data taking were used during the experiment : laser ON (constant laser ionization)
and laser ON/OFF (periodically laser ionization on and off). A good time base for
the periodicity during the laser on/off runs is governed by the supercycle of the PS
booster (14.4-21.6 sec). Averaged over a typical measuring time in this laser on/off
mode (0.5-1 hour), the laser on and laser off time periods are roughly equal and the
difference in particle scattering is directly linked to the R ratio (see eq. 4.5, below).
As a rule of thumb, a laser on/off run was performed during 1 hour in between two
laser on runs (typically 2 hours for each laser on run). Fluctuations in laser power
and ionization efficiency (and, accordingly, the Zn content) over time are thus taken
into account by measuring the R ratio during well separated time intervals. The total
measuring time in laser on/off mode is summarized in table 5.19 together with the
total measuring time ”laser on” for the three investigated Zn isotopes.

In this paragraph the following conventions will be used for beam intensities during
laser on/off runs :

Zm :
tot __ tstop N OFF

Iy = oy (zZn +1i% ) dt
— j‘tstop ON
- tstart ZTL
_ ON (tstop—tstart)
= <iQN > [stop—tstart)

ON

— 92 (4.3)

where 1ON is the varying incoming Zn intensity when the laser is on and 1OF s

obv1ously 0.

Ga :
tot _ tstop OFF
IGG’ - tstart ( + Z ) dt
— Ustop ; tstop ‘OFF
- tstart ZGa dt + ‘ftstart ZGO/ dt

_ ON (tstop*tstart) :OFF (tstopftsta'rt)
= <zGa>'f+<z > . atop-_tatart)
— I IOFF

= -IGQ (4.4)

where 182V (185 ) is the in time fluctuating incoming Ga intensity when the laser is

ON(OFF). Equal time intervals ( (tstop-tstart)/2 ) are assumed for laser ON and laser
OFF periods.
Additional definitions are as follows :

Total
r— 18 (4.6)
JON .



4.2 Beam Contamination 77

The relation between R and r is given by :

_ 1
R= 1+r

_  1-R
T = R -

First, the Zn-to-total ratio R will be determined for the laser on/off runs during the
A=T74, 76 and 78 experiments. For A=78 the AE-E measurement provided an ad-
ditional tool to measure the R-value, prior to the actual experiment. Afterwards,
extrapolation methods will extend the Zn-to-total ratio ("R”) to the total laser on
period, this ratio will be labelled Roy.

”R”-value from Ionization Chamber

During the A=78 experiment, a AE-E detector was mounted on a second beamline
after the REX-linac. The AE detector is a gas filled ionization chamber, the E detector
is a Si detector. The gas detector is operated with P10 gas (90% Argon, 10% Methan).
The identification of the beam particles depends on their atomic number Z. Since the
differential energy loss is proportional to Z2, the identification is based on the AE
value. The Z resolution of the AE-E combination is governed by the gas pressure. The
relation between the gas pressure and the average Z of the beam particles is given by
an empirically formula, derived during the summer 2004 campaign :

12,764

P
A

[bar]. (4.9)

From Fig. 4.3 the amount of Zn and Ga can be determined by gating on the respective
particles. This detector setup was used in the beginning of the A=78 experiment
to identify the RIB content with different primary target conditions (temperature
dependence, neutron convertor, ...). The optimal setting for A=78, which yielded the
purest RIB was obtained with a line temperature of ~2000 °C (>1960 °C, see [Kos05])
and with the usage of the proton to neutron convertor.

”R”-value from scattered beam fraction

The R value can be determined from the scattered beam fraction in the particle de-
tector. During laser on periods of the laser on/off runs :

dN
NécN _ (Igrjzv . O_IZ%gtherfm’d + IgL]LV ) O_gstherford) . PTA (4‘10)
and during laser off periods :
dN
NchF _ (Ing . Uggtherfo'rd) ) PaIN A (4'11)

A

where equal time intervals for laser on and off periods were supposed (based on the
oscillating supercycle) : I(O;flv 2185 F. Dividing eq. 4.10 by eq. 4.11 yields :

Ruther ford
Oz 1

r = .
Uggtherford (N(S)CN/NSCFF) -1

(4.12)

Ruther ford
where Z}Zzﬁmm = (%)2 In Fig. 4.5 the energy versus scattering angle spectra are

Ga
shown for the three isotopes, for both laser on as laser off periods. The integration of
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the number of particles in these spectra yields N7y, and N¢, . The spectra in Fig.
4.5 are the sum of all laser On/Off runs on the same mass. In Fig. 4.6 the final R-value
is shown for each mass (labelled by "run nr 10”), together with the R values obtained
from the individual laser on/off runs. It is clear from Fig. 4.6 that the laser ionization
fluctuates over time, especially during the A=76 run the ionization efficiency appeared
to be unstable. The error on the final R-value is determined by the statistical error on
the number of scattered particles in the two-dimensional spectra of Fig. 4.5.

”R”-value from target excitation

The R value can as well be extracted by the difference in target excitation during laser
on and laser off periods. The amount of target excitation during laser off periods is due
to excitation by Ga (Nzarget’OFF), while during laser on periods, the target is excited
by both Zn and Ga (NZ®r9HONy

Target,ON ON _ _Target ON Target
NW _ IZn g + IGa 9Ga (4 13)
Target, OFF ~— OFF Target :
N’Y IGa "0Ga

where again 19 =I9FF=1Tl and ngrg;t is the cross section for target excitation

(0T — 27) by either Zn or Ga. Eq. 4.13 can now be rewritten as :

Target,ON Target,OF F
P N /NI —1 (414)
- NTarget,ON NTarget,OFF Target ;, _Target 1 :
v /Ny Tz /9Ga T

The error is in this case determined by the amount of target excitation. The statistics is
rather limited for A=74,76 (target="'2Sn, Jgfgn:MSmb,agfgn:l?)lmb), while suffi-
cient target excitation is present for A=78 (target="'%Pd, agfﬁdzz11b,a?§§d:2.13b).
The results of this approach are summarized in table 4.2. In Fig. 4.7 the difference
in target excitation is shown during laser on and laser off periods for A=78. This
spectrum is the sum of the 9 individual laser on/off runs obtained during the A=78
experiment. The OIL —>21+ excitation in "8Zn is observed at 730 keV. The line at 434
keV is the OT —>2:'lF excitation in 18Pd.
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Figure 4.5: Energy versus scattering angle spectra during laser on/off runs, for the three
masses. A gate is applied in these figures on the kinematical region where Zn and
Ga are detected.
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Figure 4.6: Fvolution of the R-value, obtained during individual laser on/off runs for the
three masses (A=74 : 3 runs, A=76 : 4 runs, A=78 : 9 runs). Run number 10
indicates the sum of all laser on/off runs.
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Figure 4.7: Coulomb excitation spectrum obtained during the 9 laser on/off runs on mass
A=78. At 434keV the 0 —2f excitation in the target 198 Pd is observed, while
the 0f — 2§ transition in "®Zn is observed at 730 keV, only during laser on
periods.
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Parameters for extrapolation

In the next paragraph, the Roy value for the laser on runs will be extracted from
the data, utilizing the ”parameters for extrapolation” which will be derived in this
paragraph.

Zn and Ga Coulomb Excitation In the first method Coulomb excitation yields
from Zn and Ga are used to extrapolate the parameter R (or r) to Rox. This can be
seen as an analysis of ”prompt radiation” from individual components (Zn and Ga) in
the beam. The number of Zn excitation gamma’s during laser on/off runs is given by :

NZ"= IQN - 0zn-€mp.zn (4.15)

NS = 218N 06, - enBGa (4.16)

Introducing the parameter crx1 as :

0Ga ., EMB,Ga
OZn €EMB,Zn
Ga
N
Zn
NZ 2r

Rerx =

(4.17)

where the parameter r is determined by the methods discussed above. The error on
Rerx,1 is determined by the intensity in the Ga and Zn Coulomb excitation peaks,
which is sufficient in A=74,76.

Target and Ga Coulomb excitation The second method compares target and Ga
Coulomb excitation yield to extrapolate the R-value to laser on periods. The number
of target excitation gamma’s during laser on/off runs is given by :

Target __ ON Zn tot Ga
N’Y - (IZn " OTarget + IGa ’ UTarget) " €M B,Target
— ON Zn ON Ga
- (IZn " OTarget + 2‘[G’a ’ UTarget) " €M B,Target (418)

and the amount of gamma’s from Ga excitation is given by 4.16. After some manipu-
lation of the ratio of 4.18 and 4.16 the parameter R x 2 can be defined as :

0Ga'€MB,Ga
Z
UTgrget ‘€M B,Target

Rorxo =

Ga Ga
_ I Target 1y N'y 4.19
(O—’Zz"grget + 2T) N”{a’rget ( ' )

where the error is determined by the statistics in target and Ga yield.

4.2.2 Extrapolation to laser on runs

The ratio of Zn and Ga particles in the beam is only exactly known during laser
on/off runs. In the preceding paragraphs it was shown how the R value can be deter-
mined from these laser on/off runs. Then, extrapolation parameters were determined,
based on a relative comparison of Zn-Ga excitation (Reorx,1) and Ga-Target excita-
tion (Rorx,2). Now these parameters will be used to determine the Royx value for
the laser on runs. This method takes into account that in between laser on/off runs
the ionization efficiency might change!, by utilizing the detected ”prompt” Coulomb

!The ionization efficiency changes because of 1- drop of the laser power; 2- a shift of the laser beam;
3- distortion of the thin ionization tube due to heating might cause a slight shift of the tube.
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excitation radiation characteristic for each beam particle. In this paragraph (laser ON)
the definitions from 4.3 and 4.4 need to be adjusted :

g = 19N (4.20)
18 = 19y (4.21)

since Ga and Zn are produced over the same amount of time. The relations 4.5 and
4.6 remain the same.

Utilizing Rorx,1 (see eq. 4.17), the parameter r during a laser ON run is extracted as
follows :

Ga
N5 )

r= gy (1/Rewx) (4.22)
Z
Ga
where %WZ" is the number of detected de-excitation gamma’s from Ga and Zn during

Y
a laser ON run. The efficiencies and cross sections are absorbed in the parameter
Rerx-
Utilizing Rorx,2 (see eq. 4.19), the parameter r during a laser ON run is extracted as
follows :

Target Ga

r= 1/(Rerxz - ~yos — oract) (4.23)

UTa'rget

The results of this extrapolation (Roy), together with the determined R values during
the laser on/off runs are summarized in tab. 4.2 2. In Fig. 4.8 the results for the
three masses are summarized. The solid black line indicates the sum of all laser on
runs, extrapolated with the method which gives the smallest error bar. The error bar
is indicated by the dashed lines. The thin solid black line line indicates the R value
deduced from the sum of all laser on/off runs.

’ A H R [%] | Extrapolation | Ron [%]
CD! Target? 1C* | Reopxa Rorx,2 Rerxa Rorx,2
74 | 82.0(1.3)  82(21) - | 1.20(0.06) 17.3(1.5) | 82.9(4.4) 84.5(7.9)
76 || 78.5(1.8)  66(27) 1.34(0.13)  12.9(1.8) | 72.6(7.3) 71.8(10.7)
78 || 65.3(1.5) 61.5(7.3) ~50 | 3.3(0.8) 0.49(0.08) | 63(19)  64(13)

Table 4.2: Columns 2-4 present the R values extracted from the laser on/off runs, ' =elastic
scattering in the CD detector; 2=target excitation; 3=Ionisation chamber.
Columns 5-6 present the extrapolation parameters Rorx,1 and Ropx,2. The last
2 columns give the final value for the full laser on period. The value with the
smallest error bar is taken in the further analysis.

2 At this point, the results from Chapter 5 are used for Nf"’G“’T‘”g”
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Figure 4.8: Summary of the R(on) values for the three masses.

The solid circles are the

individual laser on/off results (particle scattering), while the open circles are the
extrapolated values to individual laser on runs, with the method which gives the
smallest error bar. For A=78, these marks are left out because of the limited
statistics in the individual laser on runs. The black line is the final extrapolated
value for the sum of all laser on runs, while the dashed black line indicates the

error bar on the final (extrapolated) R-value.
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4.2.3 Beam gate for RIB

In the A=76 experiment, an additional contamination from stable rest-gas isotopes
was present. The target excitation yield needs to be corrected for possible excitation
induced by these lighter isotopes. It was concluded in par. 3.4.2 that the contami-
nants are 2?Ne and 4°Ar, based on the following arguments : 1- the rest-gas in the
(REX-)Trap consists mainly of natural abundant Ne and Ar gas ; 2- the simulated
and detected energy versus scattering angle spectrum fits with the A=22 and A=40
assignment ; 3- the A /q setting of 3.8 for 7%Zn fits A /q values for these contaminants
(see tab. 3.2). Since ?2Ne is by far the most intense contaminant, the correction will
be limited to this isotope. The number of scattered Zn and Ga particles during 'RIB
on’ periods is given by :

Zn+Ga _ Ruther ford Ruther ford

sc,RIBon IZ” Oz + IGa “Oaa (4.24)
Zn+Ga -0
sc,RIBoff

while the number of scattered 2?Ne particles during 'RIB on’ and 'RIB off’ periods is
given by 3:
N N Ruth d
Nsc,c}UBoff = Nsc,eRIBon = ]Ne ’ O-NZ erfer : (425)

Combining these two formula, the ratio ry.=In¢/Iz, can be extracted :

. B O_IZ%:itherford . 147- (O_gztherford O_IZ%:itherford)
e Ruther ford Zn+Ga Ne :
ONe N sc,RIBon/ N RiBon

In conclusion, by extracting the number of scattered ??Ne particles during 'RIB off” pe-
riods, the ratio ry. can be determined, which must be included in eq. 4.2 where X=Ne.
The importance of this correction then depends on the ratio Ugf’Tar get / U%S’Tm, get- In
tab. 4.3, the parameters are given for the A=76 RIB, resulting in ry.=0.084(0.007)
(r=0.377(0.031), see table 4.2). The ratio of the Coulomb excitation cross section for
target excitation is J%ﬁnwet / aggnget = 0.105. The total, additional correction to
the target excitation in eq. 4.2 becomes 0.105%0.084 = 0.0088(0.0007), thus, less than
1%.

’ Ni\éeRIBoff/ NsZcT,LRIBon ‘ Uﬁztherford ‘ U]Z%Ztherford ‘ Ugf Sn ‘ Ugg,sn ‘
| 13.69 | 1296b' | 10.7b' [16mb? [ 149 mb? |

Table 4.3: The different terms in eq. 4.26 and eq. 4.2. () = integrated over the angular
range where Ne is detected (9o =34.2°-61.8°) - (%) = integrated over the "CM1”
range (Zn gated - see tab. 4.1) - (3) = integrated over the CM angular range
labelled "FULL”.

4.3 (-decay background

During the RIB experiments, the MINIBALL reaction chamber accumulates radioac-
tive isotopes which are scattered into the target chamber walls or the CD detector. The
(B-decay of these isotopes can be seen in random coincidence with detected particles.
This random coincident gamma spectrum needs to be subtracted from the prompt

3 Assuming the EBIS operation is not influenced by RIB injection !
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Figure 4.9: Detail of the nuclear chart for A=74,76 and 78. [(-decay lines of daughter prod-
ucts of ™76:78 Zn are observed in the background spectrum.

coincident (Coulomb excitation-)spectrum. In the following chapter this subtraction
will be elaborated upon for the three masses separately. The counting rate in the
MINIBALL detectors depends mainly on this accumulated radioactivity during the
RIB experiment. For the three masses these counting rates for the full MINIBALL
array (24 cores) are : 103kHz (A=74), 47kHz (A=76) and 8kHz (A=78). The decreas-
ing counting rate for the three masses is due to the decreasing beam intensities. In
par. 4.2, the isobaric contamination was discussed, based on production mechanisms
and the "prompt” Coulomb excitation radiation characteristic for each of them. In
this paragraph, the f-decay spectra are shown in Fig. 4.10(A=74), 4.11(A=76) and
4.12(A=T78), characterizing the radioactive beam content by its (-decay. The possi-
ble radioactive isobars for the three masses are shown in Fig. 4.9. The most intense
(-decay lines are identified in Fig. 4.10,4.11 and 4.12. No clear evidence is found
for the presence of an appreciable amount of isobaric radioactive contaminants next
to Ga. The increased low energy background during 'In Beam’ periods is due to the
bremstrahlung from the REX linac (7- and 9-gap resonators), illustrating the need for
an adequate shielding of the linac.
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Figure 4.10: The full singles spectrum, measured by the 8 MINIBALL clusters. The spectrum

is dominated by B-decay of A=7/ radioactive isobars. The highest intensity de-
cay lines are identified. The grey line corresponds to the measured singles spec-
trum during "RIB OFF” periods, this is when the linac is off and the resonators
do not induce low energy bremstrahlung. The black line is the "RIB ON” singles
spectrum.
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Figure 4.11: The full singles spectrum, measured by the 8 MINIBALL clusters. The spectrum
is dominated by B-decay of A=76 radioactive isobars. The highest intensity de-
cay lines are identified. The grey line corresponds to the measured singles spec-
trum during "RIB OFF” periods, this is when the linac is off and the resonators
do not induce low energy bremstrahlung. The black line is the "RIB ON” singles
spectrum.
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Figure 4.12: The full singles spectrum, measured by the 8 MINIBALL clusters. The spectrum
1s dominated by (-decay of A=78 radioactive isobars. The highest intensity de-
cay lines are identified. The grey line corresponds to the measured singles spec-
trum during "RIB OFF” periods, this is when the linac is off and the resonators
do not induce low energy bremstrahlung. The black line is the "RIB ON” singles
spectrum.
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4.4 Doppler Correction

4.4.1 Introduction

The typical life time of the excited 27 states in the considered experiments ("75Zn on
12081 and "®Zn on 1%8Pd) is in the order of psec (10712 sec). The flight time from the
end of the target to the CD detector is typically in the order of magnitude ns (1079 sec)
4 for v/c ranging from ~0.01 (target detection) to ~0.06 (projectile detection) and a
target-detector distance of 30.5 mm. This assures that the excited nucleus will have
decayed in flight before it is stopped in the CD detector. Consequently, all Q;F — 0T
de-excitation gamma rays will be Doppler shifted by the in-flight decay, where the
Doppler shift is given by :

By = vEo/(1— Beos(9)), (4.26)

where Eg is the original energy of the y-ray in the rest frame of the emitting nucleus,
Ejqp is the detected, Doppler shifted energy, v is the relativistic factor 1/ \/(1 - 6%,
B=v/c and ¥ is the angle between the de-exciting nucleus and the emitted y-ray. With
the knowledge of the position coordinates of the gamma ray and the de-exciting nucleus,
a Doppler correction can be applied to the detected gamma ray energy by using eq.
4.26. In the case where the de-exciting nucleus is detected in the CD detector, ¥ is
correlated with the detected angles for the particle (6, ¢) and the gamma ray (6., ¢-)

cos(¥) = sin(B,)sin(0)cos(¢dp — ) + cos(By)cos(6.). (4.27)

The detected energy is used to determine S=+/2Fj,;/Alu]. The resolution of the
Doppler corrected photo-peak is slightly influenced by the accuracy of the CD calibra-
tion, as was illustrated in Fig. 3.19.

4.4.2 Gamma angle optimization

The eight triple clusters of the MINIBALL array are mounted on a flexible frame. They
can be moved in 3 angular directions : 6, ¢ and «, as defined in Fig. 4.13. The angular
coordinates of the clusters can be estimated from the MINIBALL frame, though not
accurately. In order to determine the coordinates more precise a position calibration
is necessary. This was done using the 1-neutron pickup reaction 2H(??Ne,?3Ne)p at a
22Ne beam energy of 2.25MeV /u and making use of a 10um deuterated polyethylene
target. The ?2Ne beam is available as a rest-gas beam from the EBIS in several charge
states (see Fig. 3.8). In the neutron pick-up reaction the first excited %+ state in
23Ne at 1017 keV is populated. The lifetime of this level is 178(10) ps [nndc], so 23Ne
de-excites ’'in flight’. The Doppler shifted transition is shown in Fig. 4.14A and this
(%+—>g+) transition in 22Ne will be used for the position calibration. Another Doppler
shifted transition is present in this spectrum, coming from the 1-proton pickup channel
2H(??Ne,?*Na)n where the %+ state at 440 keV is populated in 2*Na.

Two criteria are used during the position optimization : 1- minimization of the Doppler
corrected FWHM of 1 cluster and 2- alignment of the Doppler corrected peak in the
6 segments. The angular coordinates are varied recursively until the two criteria are
optimized. The result of such an optimization is shown in Fig. 4.14B. The 'Full Width

at Half Maximum’ (FWHM) of the Doppler corrected line after optimization is 15.5

4The only exception being isomeric states in “°Ga which are not Doppler shifted in the detected
Coulomb excitation spectrum. The lifetime of these states exceeds the typical flight time target-CD.
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keV on the core level and 11.0 keV on the segment level. The Doppler correction was
performed without kinematical reconstruction of the 2>Ne scattering direction. The
maximum scattering angle of the excited 23Ne is 4.3° and the scattered proton is de-
tected in the CD detector. The spectra in Fig. 4.14 and Fig. 4.15 are singles spectra
and the Doppler correction is performed assuming (6,,¢,)=(0,0). The angle ¥ in eq.
4.27 is then identical to 6, which is the lab angle of the core/segment where the gamma
is detected.

The criterium of alignment of the Doppler corrected segment energies is shown in the
bottom part of Fig. 4.15. Before Doppler correction, the Doppler shift in each segment
is slightly different (right series and line marked "NOT doppler corrected” in bottom
part of Fig. 4.15). When the cluster is accurately positioned, the Doppler corrected
peak in the 6 segments will be aligned (left series and line marked ”doppler corrected”
in bottom part of Fig. 4.15). The lines in the bottom part of Fig. 4.15 presents the
fitted mean energy detected in the segment minus the fitted mean energy on the core,
without(with) Doppler correction.

\(P beam

direction

II1 1I

Figure 4.13: The reference system for positioning of the clusters.
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level). - C. Detail on the Doppler corrected 1017 keV line. No kinematical
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4.4.3 Limitations for 2°Sn

The lifetime of the first excited 27 state (7'21-) in 1208n is 0.916(19) ps [Ram01]. This is
short, compared to the lifetime of e.g. Tyt (108Pd)=23.9(7) ps and (in this experiments
measured ) Tof (T476.7871)=25-30 ps (see Chapter 5). The short lifetime limits the pos-

sibility to Doppler correct the detected gamma-ray energy of the 2{r—>0]1F transition.
This will be shown in the following paragraph for the case of ™*Zn on a 2.3 mg/cm?
12081 target (=3.16 um).

With the detected scattering angle and energy of the projectile (=Zn), the kinematics
of the considered reaction and taking into account the energy loss in the target mate-
rial, a kinematical reconstruction of the not-detected ejectile (=Sn) is possible. The
reconstructed Sn coordinates can then be used in eq. 4.26/4.27 to Doppler correct the
2f —>O;r transition in Sn. Though, if the de-excitation occurs before the Sn nucleus has
reached its final velocity, these reconstructed coordinates are not applicable. The time
it takes the Sn nucleus to ’travel’ from an initial velocity 3; (=v/2Es,/120u with Eg,
the transferred energy in the reaction) to a final velocity (:\/2(Esn — Elpss)/120u
with Eg,>E;,ss>0 the energy loss in the target material) is given by :

By dﬂ’

tﬁ = mc (4'28)
where m is the mass of the retarding nucleus (in this case 120u) and dE/dx is the
stopping power in MeV/cm [Fyn03]. In case 5;=0, tg—¢ is called the 'stopping time’,
while tg( is referred to as the ’exit’ time. In Fig. 4.16 this time is plotted as a function
of the detected CM angular range. The open dots correspond to the ’stopping time’
(tp=0, Sn is stopped in the target material), whereas the full dots correspond to the
‘exit time’ (tg, Sn leaves the target material). Circles and triangles correspond to two
cases where (1,triangles) Sn is scattered from the front of the target and (2,circles)
Sn is scattered from the middle of the target. In case (1,triangles), the target nucleus
travels through more target material and looses more energy then in case (2,circles).
For the lower CM angles, the energy transfer to Sn is lower than for the higher CM
angles (see Fig. 4.1), so stopping occurs merely for the lower CM angles. The dashed
line indicates the lifetime of the 21“ state in 2°Sn. If the retardation to By takes
27‘21+, >50% of the excited Sn nuclei will have decayed before they reach their final

velocity. In Fig. 4.16 the detected CM ranges CM1 and CM2 are indicated as well (see
par. 4.1). Interestingly, 50-85% of the Sn nuclei which are scattered from the front of
the target and are detected in the CD over the range ~75-85° have already decayed
before they exit the target material. This is much less for the Sn nuclei detected in
the same CM range but scattered from the middle of the target. In general, most
of the exit times are below Tyt over CM2 range, so the detected Sn coordinates are
applicable in eq. 4.26/4.27. In conclusion, it can be stated that over the CM1 range, the
coordinates (E,f,) of Sn, obtained from a kinematical reconstruction, are not adequate
to Doppler correct the detected Sn excitation over the same CM region. This due to
the dependence of the stopping/exit time on the interaction depth in the target.

4.4.4 Application in the final result

The full detected CM range and the correlated Coulomb excitation gamma spectrum
will be used to determine the B(E2) value with the best statistical error. In this case,
the CD detector is merely used as a time trigger to indicate a prompt or random
gamma (or particle) event. When selecting CM1 or CM2, the detected energy in the
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Figure 4.16: The stopping time (open symbols) or exit time (filled symbols) of the scattered
Sn nuclei as a function of CM scattering angle. The triangles correspond to Sn
scattering in the beginning of the target, circles to Sn scattering at the middle of
the target. The detected CM ranges are indicated (CM1=_2Zn detection, CM2=5Sn
detection).

CD is used as well. From the discussion in par. 4.1 it is clear that the 2 CM ranges are
not always as clearly separated. Therefore, the B(EQ,Q;r — Of) value derived from the
measured Coulomb excitation yields over CM1 and CM2 will be used as a consistency
check of the first method. The possibility to Doppler correct the Doppler shifted Zn
Coulomb excitation peak when selecting CM1 puts an additional selectivity on the
gamma spectrum. Only the ”true” Zn Coulomb excitation events will contribute to
the Doppler corrected photopeak. This selectivity is not available for the Sn Coulomb
excitation yields over the CM1 range, since no Doppler correction can be performed
(see previous paragraph). Therefore, because of the scattered border between the two
CM ranges, it remains possible that ’contaminating’ Sn yield from CM2 contributes
to the Sn yield in CM1.

4.5 Gamma angular distribution

In eq. 2.40 an explicit dependence on the gamma angular distribution should be
included. The angular distribution in the CM frame of the nucleus can be derived in
first order perturbation theory approach [Ald56]. From a detailed derivation [Ald56]
it is concluded that the angular distribution can always be written in the form :

W(ﬁ’ya QD’Y) = Z Altk:/ (ﬁ)Yk,k’ (1977 SD’Y) (429)
kK’

with Age (0) = Y ps () Kt o (4.30)
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where (1, ) are the polar coordinates of the emitted gamma quantum, ¢ is the
scattering angle of the emitting particle and Yy ;s are the spherical harmonics. pgﬁ,
is the statistical tensor evaluated in a coordinate frame where the z-axis is parallel
to the beam direction (details are found in [Ald75]). The coefficients Ky .y may
partly describe the effects of unobserved gamma quanta, conversion electrons and
other attenuation effects. The angle ¥, is the angle between the z-axis (=the beam
axis) and the propagation direction of the emitted gamma quantum in the rest system
of the y-emitting nucleus. The angular distribution has a reflection symmetry around
1,=90°. In the special case of an E2 transition, the angular distribution can be written
as [Ald56] :

WEg2(¥,) =14 aaPs(cos(V,)) + asPi(cos(V)) (4.31)

where Pj_o 4 are the Legendre polynomials. If the excited nucleus decays in flight
a distortion of the symmetric angular distribution will take place. The distortion is
evaluated in the lab system where the emitted v quantum is detected. The original
reference system is moving with speed v () parallel to the beam axis. The relation
between the angular distribution in the rest frame (W(4,,¢5)) and the laboratory
frame (Wias(6,, ¢+)) is

o,

Wiab(0y, ) = W(ﬁy(%),gpy)@ (4.32)

where d{2, = the solid angle in the rest system and dw, = the solid angle in the
LAB-system. The solid angle ratio is given by
dQ, 1— 32

do, ~ (1= Peos(By))? (4.33)

and v, is related to 6, through :

tan(%ﬁy) = ,/igmn(;&) (4.34)

In Fig. 4.17 the angular distribution is plotted for the 2] —0; transitions in both
™7n and '2°Sn in the laboratory frame (dashed line). The angular distributions were
calculated with the coupled channels Coulomb excitation code GOSIA [Czo]. One
gamma counter was assumed in the GOSIA code at angles (04.¢=0...180°,¢4.t=0). An
integration over the detected scattering angle ¥ (in eq. 4.29) and an integration over
energy loss through the target was included. A circular particle detector was assumed.
The calculated distribution Wi.4(6,, ¢y = 0) was transformed to the rest frame by
applying eq. 4.34 and 4.32. The result of this transformation to the CM system is
shown in Fig. 4.17 (full line). The [-value in eq. 4.34 is not well defined, since the
yields were integrated over energy loss through the target (the $-value varies along the
energy loss path). An ’average’ value for 5 was determined by requesting a symmetric
Wga(¥,) distribution around 90°.

The absolute efficiency was determined in par. 3.4.1 with a »2Eu source, yielding
an isotropic efficiency for the MINIBALL. The radiation pattern from the 21" —>Of‘
transition is not isotropic. This is taken into account by folding the isotropic efficiency
(€is0) with the (normalized) angular distribution function :

[y Wiapd©2

iy (4.35)

€W = €iso *



96 CHAPTER 4 The Coulomb Ezxcitation Experiment

where |, 1x Wiapd2=1. Defining WZ” Jo W, 28 lab = o d 2 for the angular distribution of Zn and

1 Jo A2
similar for the target (Wzamet). In eq. 2.38 and 2.39, the efficiencies are the isotropic

efficiencies determined in par. 3.4.1. In table 4.4 these relative coefficients are given
for the three isotopes.

A | W2 Wi Ratio
7410943 0952  0.990
76 [ 0.813 0817  0.995
78 [0.952  0.948  1.004

Table 4.4: Corrections to the isotropic MINIBALL efficiencies due to the angular distribution
of the 2t — 0% transition in the Zn and target nuclei.

0.0066 “7n (2+_)O+) . 0.007 *Sn (2+—)0+)
C 0.0064 5
N D 0.0065
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Figure 4.17: The angular distribution in the rest frame of the emitting nucleus (black) and
in the laboratory frame (dashed grey). A distortion of the angular distribution
s observed in the lab frame because of the moving of the emitting nucleus.

4.6 Calculation of Cross Sections

4.6.1 GOSIA

The inelastic cross section for Coulomb excitation to excited states n can be calculated
with the coupled channels code GOSIA, which was developed at Rochester university
by Czosnyka et al. [Czo| as a data analysis software package. GOSIA performs a ”least
squares” fit (x? method) of calculated transition yields to experimentally observed
transition yields. During the fitting procedure, the nuclear matrix elements are modi-
fied within borders specified by the user and consistent with known experimental data
(such as M1/E2 mixing ratio’s, lifetimes,...). Inputs to the code are divided in 4 parts
: (1) kinematics input (masses, energy, ...) (2) nuclear structure input (3) detector
geometry (particles and gamma’s) and (4) integration options.
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Theory

GOSIA calculates the double differential cross section for gamma de-excitation of state
I to state Iy :

T @)™ Ran(1, 1) Yo (0 4.36

m—UR( )Z (L L)Y (0, 0r) (4.36)

A
where o is the rutherford cross section and
R)\#(I, If) = GApAuZ(SH(s:/Fk(EK/IfI) (437)

KK

1
2y(I)ym

with 07 the transition amplitude of multipolarity L, ~(I) the emission probability,
Fi(kr'TfI) the y-v correlation coefficients and Gy the attenuation coefficients. The
factor py, is the polarization tensor of level I after single step Coulomb excitation to
this state from initial state I :

pxuzm Z (=1) -M' p M 1M’ 1o Mo UM To Mo (4.38)

MoM M’
The result is output as the ”integrated yield” of each v de-excitation from each excited
state I. The integrated yield is expressed in units [sde . %%] where the srad refers to
the solid angle of y-emission. It incorporates an integration over particle scattering

angles (6p, ¢,) and over the energy loss ‘fi—f through the target :

Enmaz 1 ep,max dQO'(I N If)
Y(I— 1) = / dE-L sin(6y) / o= 1p) 4 a6 (4.39)
Emin % Op,min g (bp ddeQp P P

where E,,;, and E,;,q. refer to the initial beam energy and the final beam energy after
passage through the target material.

Minimization

GOSIA, in its original form, fits a number of calculated transition yields to a set of
experimental yields, by adjusting (=fitting) the transition matrix elements. In the case
of multiple Coulomb excitation, the number of experimental data points (e.g. transi-
tion yields and lifetimes) is large enough, to ensure a proper normalization of the final
result (all data points are normalized to one yield, the same as in the calculated yield).
In the case where only one experimental data point is known, e.g. the 2f —>O;r transi-
tion yield, there is no normalization possible. Therefore, a new version of GOSIA was
developed [GOS2] that includes a simultaneous calculation of the target yield. In the
simplest case, there is one experimental yield from the target and one experimental
yield from the (unknown) beam particle. The target in this case has known spec-
troscopic information, and the target data point can serve as a normalization point.
GOSIA then minimizes the matrix element(s) of the beam nucleus, according to the x?
method. This method of minimization is similar to the straightforward comparison in
eq. 2.40, where the unknown normalization constant of the incoming particle intensity
is divided out.

Inputs

In appendix A an example GOSIA input file is given for the case ™*Zn on '2°Sn.
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Kinematics : Energy losses for the Zn isotopes when passing through the Sn(or Pd)
targets are calculated with SRIM2003 [SRI]. The stopping powers are input to the
code for integration and are used to calculate the integration limits E; and Ey.

Nuclear structure : Possible excitations in the considered Zn Coulomb excitation
experiment are limited to Of — 2?, 2f — 4T excitations, all of E2 character. Other
transition multipolarities are not considered in these experiments. The Zn matrix
elements to be minimized by GOSIA are : (07||E2|2]),(2] || E2|2]) and (2] || E2]|4]).
Since for none of the three Zn isotopes lifetimes are known for the QT and 4f states,
nor are quadrupole moments measured for the QT states, no additional spectroscopic
information could be input to GOSIA. The (2] ||E2||2]) matrix element was fixed,
but varied over a certain range, see Chapter 5. Internal conversion coefficient for Zn
isotopes were taken from [nndc].

For the targets, known spectroscopic information was input (see Chapter 5). The
target matrix elements were fixed during the minimization.

Detector geometry : The particle detector is considered to have a circular geometry
and is placed symmetric around the beam axis. The MINIBALL array is implemented
in GOSIA as 24 separate Ge detectors, where the (6., ¢.) angles from the *Ne opti-
mization are input. The experimental yields are input as the sum of the yields in the
individual detectors. A parameterized efficiency curve is given as well to correct the
calculated yields.

Detector clusters

An option in GOSTA provides the possibility to define clusters of individual y-detectors.
The MINIBALL array was implemented as 24 individual y-detectors (8 cluster with
each 3 crystals) together with their § and ¢ angles from the position optimization. The
transition yield was input as the NOT efficiency corrected sum of all core yields. With
the option "RAW” in GOSIA the not efficiency corrected yield of a whole detection
array can be calculated, provided the efficiency curve of each individual detector is
input. The isotropic efficiency curve for the whole MINIBALL array was divided by
24 and input as the individual efficiency curve for each crystal. GOSIA outputs the
experimental transition yield, taking into account the detection efficiency and the ~
angular distribution. The relative comparison of target and projectile yields, expressed
in eq. 2.40 reduces then simply to :

N’yZn(Q-i- _,+) _ an(2+ N 0+)
N’z“arget(Q_;'_ _ 0+> st(2+ N ()-i-)

(4.40)

where the integrated yields Yz, g, are calculated with the option "RAW” in GOSIA.

4.6.2 CLX

The Coulomb excitation code "CLX”, written by H. Ower and adapted by J. Gerl,
calculates the excitation cross sections according to the first order perturbation theory
of Alder and Winther [Ald56]. Input parameters to the code involve 1- all matrix
elements connecting the populated states, 2- the (average) beam energy, 3- (Z,A) for
beam and target nuclei and 4- the angular range of the center of mass scattering angles.
CLX outputs the differential cross section at the specified angular mesh points and the
excitation cross section to each nuclear level (including the ground state, which is the
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elastic scattering cross section). No angular distribution of the gamma rays is taken
into account, since CLX calculates the single differential cross section to solid angle of
the scattered particles.

CLX was used in this work to calculate the differential and integrated excitation cross
sections, whereas GOSIA was used to calculate the de-excitation yields for target
and projectile. The unknown matrix elements in "47%"87Zn were fitted to the de-
excitation yields calculated by GOSIA. The resulting matrix elements were used in
CLX to calculate the differential excitation cross sections, which will be used in the
following chapter.






Chapter 5

Results

In this chapter the results of the Coulomb Excitation experiments on "47%:787n are
presented. Results on the Coulomb Excitation of the isobaric 7578 Ga contaminant
are given in Appendix B.

5.1 ™Zn

5.1.1 Data analysis of the relative measurement

In the current MINIBALL setup for Coulomb Excitation, the B(EZ,ZT — Of) strength
in radioactive "Zn is obtained through a relative comparison to the B(E2,2{ — 07)
excitation strength of the target nucleus. This data analysis is discussed below.

Data reduction

The several steps in data reduction are illustrated in Fig. 5.1. The MINIBALL detec-
tors are read in ’singles’ mode during the 'In Beam’ periods. In Fig. 5.1A | this ’In
Beam’ spectrum is shown. After offline sorting of the gamma’s and particles, prompt
and random spectra are generated. A typical time difference spectrum T.-Tpq ticte is
given in Fig. 5.2 for A=74 and one CD quadrant. The prompt and random coincidence
time-windows are not equal in time, so a scaling of the random spectrum is necessary.
The prompt spectrum in Fig. 5.1C is generated without a condition on the detected
particle energy and with at least one prompt particle attached to the gamma ray. No
energy condition on the particle is imposed in the random spectrum (5.1B) neither,
and at least one random and no prompt coincident particle is requested.

101
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Figure 5.2: Time difference between offline sorted ~’s and particles. The time window of 4
usec is divided in a prompt window of 225 ns and a random window of 3775 ns.

Random subtraction

In table 5.1 N&™o"»* /nya”d"m is given for some intense beta decay lines, which are
indicated in Fig. 5.1B,C, together with the number of counts over the energy range
between 2 and 5 MeV. An average subtraction factor (sf) is taken as final number.
The random subtracted spectrum is plotted in Fig. 5.1D.

N, E [keV]

493* 6667 753t  868*  2353*  2000-5000
prompt | 429 283 487 580 1777 3715813
random | 1300 967 1519 1786 5852 11198698
sfl 0330 0293 0321 0325 0304 0332 | 0.317(0.021)

Table 5.1: (-decay lines used to scale the random to the prompt spectrum. The last column
corresponds to the number of counts over the full range 2 MeV - 5 MeV (*:"*Ga,
+:747n) and ! :subtraction factor).

Doppler correction

By requesting an additional condition on the detected particle energy, two CM ranges
can be selected (see paragraph 4.1). In Fig. 5.3 three spectra are shown corresponding
to the full detected CM range, CM1 (=beam detection) and CM2 (=target detection)
(Fig. 5.3A is identical to 5.1D). The subtraction factor for the random coincidence
correction is the same in the three cases. In the CM1 spectrum, the Doppler broadened
2+ 0% transition in “Zn can be Doppler corrected with the detected particle and
gamma angles and energies (see 4.26 and 4.27). The same can be done in CM2 spectrum
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for the detected target particle. The Doppler corrected spectra for beam(target) are
shown in Fig. 5.4B(5.5B), the corresponding detected particles are shown in Fig.
5.4C(5.5C).

Beam contamination

In the previous chapter the number of counts during the laser on/off runs were already
used to deduce the Roy value (see tab.4.2). These numbers are explicitly given in table
5.2, while the ratio of the cross sections, used in eq. 4.2 are given in table 5.3. After
random subtraction, the prompt coincident spectrum displays the Coulomb excitation
excitation lines from Zn,*Ga and '?°Sn. No contaminating lines are present at the
position of the 2;’ —>0f transition in ““Zn, as shown by the laser on and laser off
Doppler corrected, random subtracted spectra (CM1) in Fig. 5.6.

7n ™Ga - 171 keV 1209y Rony error| rony  error

counts error | counts  error | counts error (%]

1228 39 | 683 38 102 12 | 829 44 |0207 0.011|

Table 5.2: In the first 8 columns, the total number of counts observed during all laser on/off
runs on mass A=74 are given. These integrals were used in the previous chapter
to deduce the extrapolation parameters Ropx,1 and Ropx 2. In the last 2 columns
the result from the previous chapter is repeated.

Integration

The integration of the Coulomb excitation peaks in the spectrum is performed with the
procedure described in [Coe85]. The counts in the Coulomb excitation transitions are
given in table 5.4 for the three CM ranges : FULL, CM1 and CM2, where the latter two
ranges require additional energy information in the CD. In the last row, the corrected
target yield is given, according to 4.2 with the parameters r and Ugg sn/ Ugg’ sn, glven
in tables 5.2 and 5.3. The error on the corrected target yield is given by :

Zn 2 Total 2 2
A]V%Tm‘get . A]V%Target A-RON (5 1)
Zn - Total R :
v,Target v,Target ON

The ratio of target excitation yield in CM1 over CM2 is 99(9)%, which is consistent
with the GOSIA2 calculated yield ratio over the 2 CM ranges : 92.0%. The integration
limits of the 41+ —>2]L transition in *Zn were fixed by a simulation of the Doppler shift
in each crystal. The result of the simulation together with the experimental spectrum
is given in Fig. 5.7.

FULL CM1 CM?2
Ga
Jr2.5n | (0883 0.877 0.889

UEQ,Sn

Table 5.3: Ratio of the cross section for target excitation by Ga over Zn, used in eq. 4.2.
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Energy J; —Jy FULL CM1 CM2
[keV] counts error | counts error | counts error
Zn 606 27 —O0f || 22528 165 | 10249 106 | 9102 105
Zn 814 4 —2f | 363 52 153 20 | 218 36

Ga 171 ? 5600 124 | 2503 83 | 2531 83
Sn 1173 2f —0f | 2052 51 876 33 | 903 35
corrected 1736 102 | 734 46 | 763 48

Table 5.4: Summary of the number of counts integrated over the three CM ranges (FULL,CM1
and CM2). In the last row, the corrected number of target excitation counts is
given.

GOSIA2 calculations

The input to GOSIA2, using the option "RAW?” (see 4.6.1), requires the not efficiency
corrected transition yields of the 21+ —>01+ and 4]L —>21+ transitions in Zn and the
" corrected” QIL —>0f yield for the target excitation, given by 4.2. The minimization
routine fits the unknown transition ME(’s) for Zn. The ME’s of the target 12°Sn were
fixed to their adopted values :

ME(0f —27) = 0.4494(40)eb (5.2)

ME(2{ —2f) = 0.029(13)eb
taken from [RamO1], [Sto05] (resp.). In the first minimization the unknown "re-
orientation” matrix element MEsy; was fixed to 0. The result of this minimization is
summarized in table 5.5 for the three CM ranges. In a second step, the re-orientation
ME was varied from 0.6 to -0.6 (QQT::EO.455 eb). The result is summarized in Fig.
5.8. The error bar is limited to the statistical error bar, excluding the error on the
R-value (beam contamination). The R-value determines the absolute value of the
B(E2,2] — 07) value, whereas the relative behavior of the B(E2,2 — 07) value as
a function of the assumed quadrupole moment does not significantly change with R.
Thus, the error bar in Fig. 5.8 is solely determined by the number of counts in the
projectile and target transitions. For comparison, the shell model prediction (SMII) is
given in Fig. 5.8 as well. The influence of the quadrupole moment is most prominent
over the CM2 range, as was already highlighted in Chapter 3 (see par.2.2.4). Even
though the result in Fig. 5.8 hints a better consistency over the three CM ranges when
a small negative quadrupole moment is assumed, no clear evidence can be given for
this negative quadrupole moment. The systematics of quadrupole moments in the Zn
isotopes and neighboring isotopes, together with shell model results indicate a negative
quadrupole moment as well, this will be discussed in the following chapter.

Error determination

Statistical error : The statistical error on the final ME(’s) is dominated by the
statistics in the 2] —0; and 4] —2{ transitions (column Zn(2{ —0;f ) and Zn(4] —2;
) in table 5.5) and the "corrected” 2] —0] target yield (column Sn(2{ —0{ )+Roxn
in table 5.5). The latter includes the error on the beam contamination (Roy), given
by eq. 5.1. The statistical error was deduced by subsequent GOSIA minimizations
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with N,£+dN, where N, indicates the number of de-excitation gamma’s from particle
x and dN, is the error on this number of counts.

Systematics error : The systematical error is determined by the uncertainty on
the ME’s of the target and by the beam energy. The error on the beam energy was
assumed to be 1% [Sie05]. Subsequent GOSTA minimization were performed with one
of the parameters (the ME(’s) or the energy) varied by their error bar. It is seen from
table 5.5 that a 1% lower beam energy decreases the B(E2,07 — 2]) by ~3%, while
it increases the B(E2,2] — 47) value by 6%, because the excitation of the 4] state
is a double excitation (2-step process) it depends more strongly on the beam energy.

Final B(E2,2] — 0{) and B(E2,4] — 2) values :

For the following three reasons, the final result for the B(E2,2] — 07) value is the value
obtained over the CM range labeled "FULL”. First, over this region, the statistical
error is the smallest. Second, since there is no gating on particle energy needed (no
CM selection), systematical errors due to the detected particle energy are not present.
Finally, the integration of the Coulomb excitation yields is reliable due to the high
statistics and the clean spectrum around the transitions.

Contrary for B(E2,4] — 2{) the most reliable integration of the Coulomb excitation
yield is over CM1. This is due to the low statistics in the 47 —2] transition. Over the
CM range "FULL”, the Doppler smeared 4f HZT yield can be hardly disentangled
from the background counts. Over CM1, the Doppler corrected 4f —>2;r yield is the
most clearly observed and integration limits can be the most clearly defined.

The final B(E2,0] — 2]) and B(E2,2] — 4]) values are :

B(E2,0f —2{) = 0.2006"22e?p? (5.4)
B(E2,2{ —4]) = 0.08577135e%p% (5.5)
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Figure 5.3: A. The random subtracted prompt gamma spectrum over the full detected CM

range. B. The random subtracted prompt gamma spectrum over CM1 range (beam
detection). C. The random subtracted prompt gamma spectrum over CM2 range

(target detection).
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Figure 5.8: ™Zn : Dependence of the resulting B(E2,0; — 27 ) value on the (unknown)
quadrupole moment of the QIF state, obtained for the three considered CM ranges
in GOSIA2. The star represents the SMII prediction for ™ Zn. The point at the
right side is the final B(E2) value for ™ Zn, including all statistical and system-
atical errors. The solid black lines indicate the rotational quadrupole moment,

related to the B(E2,07 —2f) as |Q;§t|:0.91\/B(E2, 0F — 27).

5.1.2 Data analysis of the absolute measurement

In the previous section the B(E2,2] — 0]) value was deduced from a relative compar-
ison of target and beam excitation. Therefore, a new version of GOSIA was utilized
which treats target and beam excitation simultaneous. The knowledge of the incoming
beam intensity was circumvented in that way and the full -integrated- statistics over
the full CD could be used in the analysis. In this section, the result from the previous
section will be applied to check the absolute cross section, determined from the inelas-
tic scattered particles in the individual annular CD strips.

The total incoming beam intensity can be determined from the detected elastic scat-
tered particles. As discussed in Chapter 4, the unconditioned detection of the elastic
scattered particles is reduced, i.e. 1 out of 64 scattered particles is detected without
any condition !. If the particle is coincident with a gamma ray, it is detected anyhow.
The time difference between gamma and particle is given in Fig. 5.9, where the ”co-
incident” region is indicated (particles coming within the gamma gate, see Fig. 3.22),
divided in equal time windows prompt and random coincident 2. The particle times
outside this coincidence window are marked ”downscaled”.

The total incoming beam intensity is detected in ”scalers”, which count the amount
of fast triggers in each CD quadrant. The scalers detect at the same time the number

LThis particle can be either prompt (or random) coincident with a gamma or it is really an elastic
scattered particle !
2This definition is different from the definition in Fig. 5.2!
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trigger type | delayed delayed/64 coincident accepted
1254857 19607 150464 167479

Table 5.6: Scaler information for the A=7/ run.

of coincident particles (particles within the coincident window). From this scaler in-
formation it is deduced that the detected downscaled (1/64) elastic scattered particles
constitute 11.3% of the detected coincident particles. In table 5.6 the scaler informa-
tion for A=74 is given. The accepted triggers are -irrespective of possible deadtime
effects- the number of detected particles. The accepted triggers minus the coincident
triggers should in principle give the number of elastic scattered particles : 17015 parti-
cles. This is close to the number of downscaled delayed triggers (delayed/64) = 19607
particles. The small discrepancy comes from downscaled particles which are at the
same time coincident with a gamma! 3 The 17015 elastic detected elastic scattered
particles are 11.3% of the total detected coincident particles. This factor of 11.3% is
then applied as a scaling factor to the detected particles in the region ”downscaled”,
to make this number of particles consistent with the number of detected coincident
particles. The main reason for this scaling is that originally coincident particles might
loose there correlation with the gamma ray in the offline sort due to loss in detection
efficieny of the gamma ray (dead time in the DGF module, time shift of the gamma
ray of >100ns,...). The profile of the elastic scattering cross section is given by the
particles detected in the region marked ”downscaled”, while the absolute number of
detected elastic scattered particles in each strip is governed by appropriate scaling of
the number of counts in each strip by :

(Notwip X O8> Neon _ (L cznINam (L= €5n)sy ),y €y (5
Ndaownse 64 - ez 64 - €sp O'IZ%zth .

where Ngypip is the number of detected downscaled particles in each strip, Neoin/downse
in the number of coincident/downscaled particles detected in the full CD, Ny, g,
the number of particles detected in prompt coincidence with a gamma ray which is
detected in the region of the 2f —>01+ energy. This number is corrected, again for the
beam contamination, since the interest is in elastically scattered Zn particles. The
differential cross section is then given by :

do Ruth _ Nstrip X 64 - Atarget -10*
dQstrip Iinc : pd : NA <27 - sind - AU

(5.7)

expressed in barn, where d€),;, is the solid angle in the CM covered by the CD strip,
Line the incoming beam intensity, pd the target thickness in mg/cm?, N4 Avogadro’s
number and A1 the angular coverage of the CD strip. Using this formula, the pa-
rameter I;,. can be fitted to the elastic scattered particles and to the known target
excitation cross section. Both approaches result in an incoming beam intensity of
1.38E10 particles (elastic cross section) and 1.44E10 particles (target excitation cross
section), where an average value is taken of 1.41(0.03)E10 in the following. For com-
parison, the detected fast triggers in the scalers give an incoming intensity of 5.6E10
particles. The lower ”detected” value can be understood from the dead time induced
by the CAEN ADC’s. The scalers have a dead time less then 100 ns, while the CAEN

3The downscaling is on ALL particles, irrespective if they came in coincident with a gamma or not!
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ADC’s have a fixed dead time of 15 usec after each detected particle.

Once the incoming beam intensity is determined, the unknown differential inelastic
cross section of Zn can be plotted, using the number of counts in each strip detected
in prompt coincidence with a gamma ray in the region of the 2? —>OT transition. For
the CM1 region a more stringent condition can be put by requesting a proper Doppler
correction. It should be noted that in the outer regions of the CD, the 2 CM ranges
are difficult to separate, since the energies of the detected particles (Zn or Sn) might
overlap. In Fig. 5.10 the resulting differential cross section are given together with cal-
culated differential cross sections (CLX calculation, QQT =0 eb and the B(E2,2] — 0])

value for the FULL CM range = 0.2011 e?b?). In Fig. 5.11 a detail of the inelastic
cross sections is given for Zn and Sn excitation. The Zn differential cross section in
red is calculated with Q21+:0. eb and B(E2,0] — 2{) =0.201 e?b2. The black dashed
lines correspond to Q21+:+0.23 eb (top figure) and QZTZ_OQ?’ eb (bottom figure).

The three B(E2,2f — OT) values obtained over 7CM1”,”CM2” and "FULL” ranges,
associated to these quadrupole moments (see Fig. 5.8), were used in the calculation
of the differential cross section. The data points were integrated over three strips in
order to decrease the statistical fluctuations. The one point in the CM2 region is the
average scattering angle for detection in the inner three CD strips.

The steeper trend over the ”CM1” range and the low ”CM2” data point are better
reproduced when a negative quadrupole moment is assumed.

coincident |
D >
12000— prompt
C [225 ns]
10000 — 7
C random
- [47
@ 8000 —
C -
5 -
8 6000—
- R ~ downscaled -
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Figure 5.9: Definition of time regions : coincident, downscaled, prompt and random in the
Ty -Tparticie spectrum of one CD quadrant and the full MINIBALL array.
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Figure 5.10: Calculated differential cross sections for elastic scattering and inelastic scatter-
ing where either "4 Zn or '2°8n are excited together with the experimental data
points. The data points correspond to the CM1 and CM2 regions. Part of the
overlapping region is taken out. The dashed lines corresponds to the differential
cross section, taking into account the total (statistical+systematical) error on
the matriz element 0f -21 in ™ Zn (see table 5.5).
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Calculated differential cross sections for inelastic scattering of ™ Zn and 12°Sn,
utilizing the B(E2) value for Q21+ =0.0 eb over the FULL CM range (grey, top

and bottom), the B(E2) value assuming QQT =+0.23 eb for the three CM ranges
(see Fig. 5.8, top) and the B(E2) value assuming Qg =-0.23 eb for the three

CM ranges (see Fig. 5.8, bottom). The one experimental point in the CM2
region (sum of three annular strips) can be reproduced only when assuming a
negative quadrupole moment.
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5.2 77n

The data analysis of the A=76 measurement is analogue to the A=74 analysis. The
same analysis steps, figures and tables are discussed in the following paragraphs.

5.2.1 Data analysis of the relative measurement
Data reduction

The several steps in data reduction are illustrated in Fig. 5.12. The MINIBALL
detectors are read in ’singles’ mode during the 'In Beam’ periods. In Fig. 5.12A |
this 'In Beam’ spectrum is shown. After offline sorting of the gamma’s and particles,
prompt and random spectra are generated. The time difference spectrum for A=76 is
equivalent to Fig. 5.2 for A=74. The prompt and random coincidence time-windows
are not equal in time, so a scaling of the random spectrum is necessary. The prompt
spectrum in Fig. 5.12C is generated without a condition on the detected particle
energy and with at least one prompt particle attached to the gamma ray. No energy
condition on the particle is imposed in the random spectrum (5.12B) neither, and at
least one random and no prompt coincident particle is requested.

Random subtraction

In table 5.7 N5 ¢ /Ng‘mdom is given for some intense beta decay lines, which are
indicated in Fig. 5.12B,C. An average subtraction factor (sf) is taken as final number.
The random subtracted spectrum is plotted in Fig. 5.12D.

N, E [keV]
199" 3667 546* 563t 1108"  1500-2500
prompt | 1129 129 223 575 128 1023
random | 3787 339 683 1885 372 2936
sf! 0.298 0.381 0.327 0.305 0.344 0.348 0.334(0.031)

Table 5.7: (B-decay lines used to scale the random to the prompt spectrum. The last column
corresponds to the number of counts over the full range 1.5 - 2.5 MeV (*:"%Ga,
+:767Zn and ' = subtraction factor.

Doppler correction

By requesting an additional condition on the detected particle energy, two CM ranges
can be selected (see paragraph 4.1). In Fig. 5.13 three spectra are shown corresponding
to the full detected CM range, CM1 (=beam detection) and CM2 (=target detection).
Fig. 5.13A corresponds to 5.12D. The subtraction factor for the random coincidence
correction is the same in the three cases. In the CM1 spectrum, the Doppler broadened
2t 0% transition in "®Zn can be Doppler corrected with the detected particle and
gamma angles and energies (see 4.26 and 4.27). The same can be done in CM2 spectrum
for the detected target particle. The Doppler corrected spectra for beam(target),
respectivily, are shown in Fig. 5.14B(5.15B), the corresponding detected particles are
shown in Fig. 5.14C(5.15C).
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Beam contamination

In the previous chapter the number of counts during the laser on/off runs were already
used to deduce the Roy value (see tab.4.2). These numbers are explicitly given in table
5.8, while the ratio of the cross sections, used in eq. 4.2 are given in table 5.9. After
random subtraction, the prompt coincident spectrum displays the Coulomb excitation
lines from 7%Zn,Ga and '?°Sn. No contaminating lines are present at the position of
the ZT —>0;r transition in "®Zn, as is proven by the laser on and laser off Doppler
corrected, random subtracted spectra (CM1) in Fig. 5.16.

67n 6Ga - 253keV 1209 Roy error| rony  error
counts error | counts error | counts error [%]
510 26 | 375 27 | 79 10 [ 726 73 0377 0.038 |

Table 5.8: In the first 3 columns, the total number of counts observed during all laser on/off
runs on mass A=76 are given. These integrals were used in the previous chapter
to deduce the extrapolation parameters Ropx,1 and Rerpx 2. In the last 2 columns
the result from the previous chapter is repeated.

Integration

The integration of the Coulomb excitation peaks in the spectrum is performed with the
procedure described in [Coe85]. The counts in the Coulomb excitation peaks are given
in table 5.10 for the three CM ranges : FULL, CM1 and CM2, where the latter 2 ranges
require additional energy information in the CD. In the last row, the corrected target
yield is given, according to 4.2 with the parameters r, agg, sn/ ag; 5, and agi sn/ agg Sn
given in tables 5.8 and 5.9. The error on the corrected target yield is analogue to eq.
5.1. The integration limits of the 4f —>2;r transition in "°Zn were fixed by a simulation
of the Doppler shift in each crystal. The result of the simulation together with the
experimental spectrum is given in Fig. 5.17.

GOSIA2 calculations

The input to GOSIA2, using the option "RAW” (see 4.6.1), requires the not efficiency
corrected transition yields of the 2] —0] transition in Zn and the ”corrected” 2{ —07
yield for the target excitation, given by 4.2. The minimization routine fits the ME(OT—
277) of ™Zn transition to the experimental yield. The ME’s of the target 12°Sn were
fixed to the adopted values eq. 5.2 and eq. 5.3. In a first calculation the unknown ”re-
orientation” matrix element (ME) MEgs was fixed to 0. The results of these calculation
are summarized in table 5.11. In a second step, the re-orientation MEss was varied

FULL CM1 CM2
oGa
TE2.50 | () 887  0.883 0.885

9E2.5n

O.Ne
L2sn | 0106 - 0.173

UEQ,S'rL

Table 5.9: Ratio of the cross section for target excitation by Ga/Zn and Ne/Zn, used in eq.
4.2. Ne only contributes in the full CM range and CM2 range.
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Energy J; —Jy FULL CM1 CM2
[keV] counts error | counts error | counts error
Zn 599 27 —07 | 4848 78 | 2353 52 | 2351 55
Zn 697 4 —2f 80 29 40 12 53 21

Ga 254 ? 2459 7% | 1077 49 | 1112 48
Ga 220 ? 718 43 | 280 26 | 399 29
Ga 160 ? 643 57 | 309 37 | 305 87
Sn 1173 2f —0] | 656 28 | 278 17 | 373 20

corrected 488 53 208 25 276 32

Table 5.10: Summary of the number of counts integrated over the three CM ranges
(FULL,CM1 and CM2). In the last row, the corrected number of target exci-
tation counts is given according to eq. 4.2

from 0.6 to -0.6 (QQT::l:O.455 eb). The result is summarized in Fig. 5.18. The error
bar in the figure is limited to the statistical error bar, excluding the error on the R-
value (beam contamination). As in the "Zn experiment, the error bars are limited to
the statistical errors. The consistency between the three CM ranges is less clear, due
to the limited target excitation yield over the CM1 and CM2 ranges, which increases
the statistical error bar. No conclusion can be drawn on the sign of the quadrupole
moment. For comparison, the shell model prediction (SMII) is given in Fig. 5.18 as
well.

Error determination

Statistical error : The statistical error on the final ME(’s) is determined by the
statistics in the 2] —0f (and 4] —2{ transitions) in Zn (column Zn(2{ —0] )
and Zn(4] —2] ) in table 5.11) and the "corrected” 2 —0; target yield (column
Sn(2{ —07 )+Ron in table 5.11). The latter includes the error on the beam contam-
ination (Rox), given by eq. 5.1.

Systematics error : The systematical error is determined by the uncertainty on
the ME’s of the target and by the beam energy. The error on the beam energy was
assumed to be 1%. It is seen from table 5.11 that a 1% lower beam energy decreases
the B(E2,0] — 2{) by ~3%, while it increases the B(E2,2] — 4]) value by ~5%,
because the excitation of the 4;“ state is a double excitation (2-step process) it depends
more strongly on the beam energy.

Final B(E2,2] — 0{) and B(E2,4] — 2]) values :

For the following three reasons, the final result for the B(E2,21r — Of) value is the
value obtained over the CM range labeled "FULL”. First, over this region, the statisti-
cal error is the smallest. Second, since their is no gating on particle energy needed (no
CM selection), systematical errors due to the detected particle energy are not present.
Finally, the integration of the peaks is reliable due to the high statistics and the clean
spectrum around the transitions.

Contrary, due to the low statistics in the 41“ —>2;r transition, the most reliable integra-
tion of the peak is over CM1, where the Doppler corrected 4? —>2;r yield is the most
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clearly observed. Over the CM range "FULL”, the Doppler smeared 4;’ —>2;r yield
can hardly be disentangled from the background counts. The final B(EQ,O;r — 2?)

and B(E2,2{ — 47) values are :

B(E2,0f —2f) = 0.145277%%p? (5.8)

B(E2,2f —4F) = 005767183202,
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Figure 5.13: A. The random subtracted prompt gamma spectrum over the full detected CM
range. B. The random subtracted prompt gamma spectrum over CM1 range
(beam detection). C. The random subtracted prompt gamma spectrum over CM2
range (target detection).
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Figure 5.14: A. The random subtracted prompt gamma spectrum over the CM1 range. B.
The Doppler corrected random subtracted prompt gamma spectrum over CM1
range (beam detection). C. The detected particle detection (energy versus lab
angle) over the considered CM range.
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Figure 5.16: Doppler corrected, random subtracted Coulomb excitation spectrum during laser
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76 Zn. B. The calculated Doppler shift of the 814 keV 4f — 21" transition (sum
of all crystals). C. Random subtracted prompt spectrum : detail of the 697 keV
line in the FULL CM range spectrum. No spurious B-decay activity is apparent
in the random subtracted spectra. D. Detail of the Doppler corrected 697 keV
transition in the CM1 range spectrum. E. Detail of the Doppler broadened 697
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trigger type | delayed delayed/64 coincident accepted
265197 4144 25247 28978

Table 5.12: Scaler information for the A=76 run.
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Figure 5.18: "Zn : Dependence of the resulting B(E2,05 — 27 ) value on the (unknown)
quadrupole moment of the 21" state, obtained for the three considered CM ranges
in GOSIA2. The star represents the SMII prediction for "Zn. The point at
the right side is the final B(E2) value for "Zn, including all statistical and
systematical errors. The solid black lines indicate the rotational quadrupole

moment, related to the B(E2,0{ —27) as |Q’2"§’f|:0,91\/B(E2, 0F — 27).

5.2.2 Data analysis of the absolute measurement

Analogue to the A=74 analysis, the result from the relative measurement will be used
in the calculation of the differential cross section. The result is compared to the ob-
served differential cross section, which is a crucial confirmation of the validity of the
first method.
The procedure to acquire the correctly scaled elastic and inelastic cross section is ana-
logue to the procedure explained for A=74. The downscaled elastic events constitute
14.8% of the total number of coincident events, deduced from the scaler information,
given in table 5.12.

The result is shown in Fig. 5.19. The B(E2,2] — 0;) value for the FULL CM range
was used : 0.1452 e%b?, for QQT =0 eb. The dashed lines correspond to the calculated

differential cross sections taking into account the total (statistical+systematical) error
bar on B(E2,2] — 0{) from table 5.11 (4th column).
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Figure 5.19: Calculated differential cross sections for elastic scattering and inelastic scat-
tering where either "Zn or 2°Sn are excited together with the experimental
data points. The data points correspond to the CM1 region. The dashed lines
corresponds to the differential cross section, taking into account the total (statis-
tical+systematical) error on the matriz element 07 -2 in " Zn (see table 5.11).



5.3 8 7n 131

5.3 Zn

5.3.1 Data analysis of the relative measurement

The data analysis of the A=78 measurement is analogue to the A=74,76 analysis.

Data reduction

The several steps in data reduction are illustrated in Fig. 5.20. The MINIBALL
detectors are read in ’singles’ mode during the 'In Beam’ periods. In Fig. 5.20A , this
'In Beam’ spectrum is shown (black) together with the ’Off Beam’ spectrum (grey).
As pointed out before, during the 'In Beam’ period, a huge amount of low energy
bremstrahlung (<500 keV) is present, originating from the REX linac. After offline
sorting of the gamma’s and particles, prompt and random spectra are generated. The
time difference spectrum T+-T )y ¢icte for A=78 is shown in Fig. 5.21. No downscaling
was applied on the scattered particles (the not downscaled window of Fig. 5.2 has
disappeared) because the beam intensity was sufficiently low for A=78. The prompt
and random coincidence windows are not equal in time, so a scaling of the random
spectrum is necessary. The prompt spectrum in Fig. 5.20C is generated without
a condition on the detected particle energy and with at least one prompt particle
attached to the gamma ray. No energy condition on the particle is imposed in the
random spectrum (5.20B) neither, and at least one random and no prompt coincident
particle is requested.

Random subtraction

The random coincident spectrum is dominated by the low energy tail from the brem-
strahlung originating from the REX-linac. This is as well apparent from the comparison
of the ”In Beam” (black) and ”Off Beam” (grey) (singles) spectrum in Fig. 5.20A. The
Ga decay lines at 619.4 keV (I,=77(4)%) and 567 keV (I,=18.2(9)%) are seen in the
random spectrum, but are overwhelmed by the target excitation lines in the prompt
spectrum. The random subtraction is based on the ratio prompt to random over the
range from 1.5 - 2.5 MeV, which is 0.15. The random subtracted spectrum is plotted
in Fig. 5.20. The random subtracted spectrum contains seven net counts above 1.0
MeV. The highest energy transition which can be seen with an appreciable number of
counts is the 25 —0f transition in 1°Pd at 931 keV (4(2) counts). The excitation
of the 4] state at 1.048 MeV decays through the emission of 2 gamma rays of 434
keV and 614 keV in cascade. A simulation of this gamma ray cascade (including the
angular distribution of the 2 gamma’s) shows that 0.4% of these cascade events should
be seen at 1.048 MeV in the spectrum (where the clusters are operated in add-back
mode) and 10.1% are seen in the 614 keV photopeak. In the current experiment 93
counts are detected in the 614+619 keV region, where from the calculated yield ratio
90% belongs to the 614 keV transition (84 counts), so 3 counts are expected at 1.048
MeV. Higher energy gamma rays might come from random summing of bremstrahlung
gamma’s or §-decay activity.

Doppler correction

By requesting an additional condition on the detected particle energy, two CM ranges
can be selected (see paragraph 4.1). In Fig. 5.22 three spectra are shown corresponding
to the full detected CM range, CM1 (=beam detection) and CM2 (=target detection).
Fig. 5.22A corresponds to 5.20D. The subtraction factor for the random coincidence
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correction is the same in the three cases. In the CM1 spectrum, the Doppler broadened
2f —>0T transition in “®Zn can be Doppler corrected with the detected particle and
gamma angles and energies (see 4.26 and 4.27). The same can be done in CM2 spectrum
for the detected target particle. The Doppler corrected spectra for beam(target),
respectivily, are shown in Fig. 5.23B(5.24B), the corresponding detected particles are
shown in Fig. 5.23C(5.24C).

Beam contamination

In the previous chapter the number of counts during the laser on/off runs were already
used to deduce the Roy value (see tab.4.2). These numbers are explicitly given in table
5.13, while the ratio of the cross sections, used in eq. 4.2 are given in table 5.14. After
random subtraction, the prompt coincident spectrum displays the Coulomb excitation
lines from "8Zn,Ga and '°®Pd. No contaminating lines are present at the position of
the 2f —>0;r transition in “8Zn, as is proven by the laser on and laser off Doppler
corrected, random subtracted spectra (CM1) in Fig. 5.25.

Integration

The integration of the de-excitation peaks in the spectrum is performed with the
procedure described in [Coe85]. The counts in the Coulomb excitation peaks are given
in table 5.15 for the three CM ranges : FULL, CM1 and CM2, where the latter two
ranges require additional energy information in the CD. In the last row, the corrected
target yield is given, according to 4.2 with the parameters r and UJ(E’;S, sn/ agi 5p, given
in tables 5.13 and 5.14. The error on the corrected target yield is analogue to eq. 5.1.

GOSIA2 calculations

The input to GOSIA2, using the option "RAW” (see 4.6.1), requires the not efficiency
corrected transition yields of the 2f —>0T transition in Zn and the ”corrected” 2f —>0;r
yield for the target excitation, given by 4.2. The minimization routine fits the unknown
transition ME(2] —0] ) for Zn. The ME’s of the target '*Pd were fixed to the
following adopted values :

ME(0f —2) = 0.872(0.011)eb
ME(0f —23) = -0.098(0.005)eb
ME®2f —=27) = —081(F554)eb
ME(2{ —23) = -0.88(0.04)eb
ME(2f —47) = 1.42(0.07)eb
ME(2f —03) = 0.40(0.02)eb
ME(2§ —27) = 0.73(g5)eb

where the matrix element OT—QT and its error bar are calculated from the adopted
B(E2,0{ — 2]) =0.761(23) €?b? in [nndc]. The remaining matrix elements are taken
from [Sve95]. The level scheme of %8Pd is shown in Fig. 5.26. Only the levels used in
the GOSTA2 calculations are shown. The de-excitation yields for the indicated tran-
sitions in Fig. 5.26 are summarized in table 5.16, together with the yields calculated
by GOSIA2. The calculated yields were normalized to the experimental QT —>01+ yield
and incorporate the yields from excitation by Zn and Ga. The error on the calculated
yields stems from the error on the corresponding ME. The latter are all ~5% (except
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Figure 5.21: Time difference between offline sorted v’s and particles. The time window of 4
u sec is divided in a prompt window of 225ns and a random window of 3775 ns.
No downscaling was applied in the A="78 experiment.

87n 8Ga - 283 keV 108pq Rony error| rony  error
counts error | counts  error | counts error (%]
29 6 | 100 15 | 380 22 || 64 13 |0568 0.112

Table 5.13: In the first three columns, the total number of counts observed during all laser
on/off runs on mass A=718 are given. These integrals were used in the previous
chapter to deduce the extrapolation parameters Rorx 1 and Repx 2. In the last
two columns the result from the previous chapter is repeated.

ME(2§ —28) : 12% and ME(0] —2{) : 1.3%). The errors on all ME’s, except
ME(0] -2 ), affect the calculated 2] —07 yield by less then 0.2%, indicating that the
major systematical error is due to the uncertainty on the (0] -2 ) ME in %®Pd. The
experimental Doppler corrected de-excitation yields for 1%Pd are in fair agreement
with the calculated yields.

In a first calculation the unknown ”re-orientation” matrix element (ME) MEg
in ®Zn was fixed to 0. The result of these minimizations for the three CM ranges
are summarized in table 5.17. In a second step, the re-orientation ME was varied
from 0.6 to -0.6 (Q21+:i0.455 eb). The result is summarized in Fig. 5.27. The error
bar is limited to the statistical error bar, ezcluding the error on the R-value (beam
contamination). Due to the large error bars no conclusive evidence can be given for
the sign of the quadrupole moment. For comparison, the shell model prediction (SMII)
is given in Fig. 5.27 as well.

FULL CM1 CM2
oGa
E2sn | 905 0.989 1.001

9E2.5n

Table 5.14: Ratio of the cross section for target excitation by Ga/Zn, used in eq. 4.2. Ne
only contributes in the full CM range and CM2 range.
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Energy J; —Jy FULL CM1 CM2
[keV] counts error | counts error | counts error
Zn 730 2f —0f || 145 15 72 9 61 11
Ga 283 ? 279 30 141 17 132 22
Pd 434 2] —0f | 1536 44 878 32 688 30
corrected 982 196 561 118 439 89

Table 5.15: Summary of the number of counts integrated over the three CM ranges

(FULL,CM1 and CM2). In the last row, the corrected number of target exci-
tation counts is given according to eq. 4.2

Energy  J;—J¢ CM2
[keV] exp calc
434 27 —0f || 688(30) -
497 25 =2 || 22(7)  29(3)
614 47 —2f 77(7)
619 0 —2f 63(8) 9(1)
931 25 =07 || 7(3) 6

Table 5.16: Comparison of the experimental number of counts observed in the 98 Pd transition
yields and the calculated transition yields (GOSIA2) relative to the experimen-
tal 27 —0F yield. The error bars on the calculated yields are related with the
uncertainty on the matrixz elements.

Error determination

Statistical error : The statistical error on the final ME(’s) is determined by the
statistics in the 27 —0] (and 4] —2] transitions) in Zn (column Zn(2] —0f ) in
table 5.17) and the ”corrected” 2] —0] target yield (column Pd(2] —0] )+Ron in
table 5.17). The latter includes the error on the beam contamination (Roy), given by
eq. o.1.

Systematics error : The systematical error is determined by the uncertainty on the
ME’s of the target and by the beam energy. The error on the beam energy was assumed
to be 1%. Since no counts were observed corresponding to the 41+ —>21r transition, no
B(E2,4] — 2]) value can be obtained from the current data.

Final B(E2,2] — 0{) and B(E2,4] — 2) values :

The final result for the B(E2,2] — 0]) value is obtained over the CM range labeled
"FULL”, for the same reasons mentioned above for A=74,76. The final B(E2,0{ — 27)
value is :

B(E2,0f —2f) = 0.07707382%p? (5.10)
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Figure 5.22: A. The random subtracted prompt gamma spectrum over the full detected CM
range. B. The random subtracted prompt gamma spectrum over CM1 range
(beam detection). C. The random subtracted prompt gamma spectrum over CM2
range (target detection).
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Figure 5.23: A. The random subtracted prompt gamma spectrum over the CM1 range. B.
The Doppler corrected random subtracted prompt gamma spectrum over CM1
range (beam detection). C. The detected particle detection (energy versus lab

angle) over the considered CM range.
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Figure 5.24: A. The random subtracted prompt gamma spectrum over the CM2 range. B.
The Doppler corrected random subtracted prompt gamma spectrum over CM2
range (target detection). C. The detected particle detection (energy versus lab
angle) over the considered CM range.
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Figure 5.25: Doppler corrected, random subtracted Coulomb excitation spectrum during laser
ON(Top)/OFF(Bottom) periods of the laser on/off runs.
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Figure 5.26: Partial level scheme of 18 Pd. Only the levels below 1800 keV are shown and
the transitions which are observed experimentally.
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Figure 5.27: ®Zn : Dependence of the resulting B(E2,0f — 27 ) walue on the (unknown)
quadrupole moment of the 2] state, obtained for the three considered CM ranges
in GOSIA2. The star represents the SMII prediction for "8Zn. The point at
the right side is the final B(E2) value for "Zn, including all statistical and
systematical errors. The solid black lines indicate the rotational quadrupole

moment, related to the B(E2,0f —27) as |Qg?\:0.91\/B(E2,0T —21).

5.3.2 Data analysis of the absolute measurement

In this section, the result from the previous section will be applied to check the abso-
lute differential cross section, determined from the inelastic scattered particles in the
individual annular CD strips.

The procedure to acquire the correctly scaled elastic and inelastic cross section is ana-
logue to the procedure explained for A=74, except for the overall downscaling factor
which was in the A=74 case 64, while during the A=78 experiment, this downscaling
factor was 1 (no downscaling, all scattered particles are detected without any condi-
tion). The factors 0.113 and 1/64 in eq. 5.6 are replaced by 1 since no downscaling was
applied and the offline non-coincident particles are assumed to be true non-coincident
events.

The result is shown in Fig. 5.28. A Q21+:0 eb and the B(E2,2] — 07) value for

the FULL CM range were assumed (0.0770 e?*b?). The dashed lines correspond to
the calculated differential cross sections taking into account the quoted statistical and
systematical error bar in table 5.17.
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Figure 5.28: Calculated differential cross sections for elastic scattering and inelastic scat-
tering where either 8 Zn or 98 Pd are excited together with the experimental
data points. The data points correspond to the CM1 region. The grey lines
correspond to the excitation of higher spin states in '°®Pd. The dashed lines
corresponds to the differential cross section, taking into account the total (statis-
tical+systematical) error on the matriz element 0 -21 in "8 Zn (see table 5.17).

5.4 Summary

In table 5.18 the experimental results are summarized together with the related quan-
tities : 7(9+), B, 3/Bsp, EWSRI and EWSRII 4. The deformation parameter (3 is related
to the B(E2,0{ — 2{) value in the framework of the collective nuclear models :

A
- 3ZR2

3 \/B(E2,01+ —27). (5.11)
The single particle deformation parameter (3, is the value obtained with the single
particle estimate for B(E2,0{ — 27) . The ratio 8/fsp is an indication of collective
quadrupole motion in nuclei [Ram01].

The "Energy Weighted Sum Rule” (EWSR) expresses how much total transition
strength there is in a particular nucleus and is given by :

EWSR = Y Ex B(E2,0{ —2{) (5.12)
= 30e*(h*/8mm)AR2 (5.13)

where m is the nucleon mass and (3/5)R3 is the single particle mean square radius.
The parameter EWSRI in table 5.18 is the the ratio E(2{)xB(E2,0{ — 27)/EWSR
in percentage. EWSRII is the "isoscalar” part of EWSR, given by EWSR-(Z/A)2.

For comparison, the quantities are given for "°Zn in the first row. In table 5.19 an
overview is given of the experimental conditions. The Yield in [uC™?] refers to the
number of produced Zn ions per uC proton beam (in the considered experiments :

4The review article [Ram01] on B(E2,07 — 2}) and E(2") values in even-even nuclei contains the
same table for all known data up to 2001.
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2uA). The yield was measured prior to the experiment and might have decreased with
the aging of the target (due to distortion, drop in release efficiency, etc...). I, refers
to the number of incident Zn isotopes at the MINIBALL setup. This quantity was
inferred from the target Coulomb Excitation yield :

Zn
NEQ,Sn A

€EMB - U%S,Sn ’ NApd

€EREX * Im = (5.14)

where pd is the target thickness in mg/cm?, N4 Avogadro’s number and the total REX
efficiency eppx is explicitly written. The REX efficiency is deduced from the ratio of
Zn intensity per second at the MINIBALL setup over the Zn Yield at the primary tar-
get. Values close to 1% are obtained for all three masses, which is the standard value
for the REX efficiency. The actual REX efficiency consists of three main components
! €EREX=€ETRAP,EBIS * €linac * €detection- Lhe incoming Zn beam intensity (I;,) deduced
from the target excitation is only 22% of the intensity deduced from the scaler infor-
mation (counting of the delayed CD triggers). This big difference might have different
sources, such as noise in the scaler channels or a lower then expected €gerection - In
conclusion, the €inqgc - €7rRAP,EBIs Might be higher then 1%. The quoted cross sections
in table 5.19 are calculated with the Coulomb excitation code CLX, using the matrix
elements deduced from table 5.18. These cross sections are integrated single differential
cross sections (particle solid angle). The big difference between ”In Beam” measuring
time and total ”Laser ON Beam Time” originates from the pulsed beam structure at
ISOLDE. The EBIS injects the radioactive ions at a rate of 25 Hz in the linac and
the particles arrive at the MINIBALL setup within 300 usec. Thus, the actual time
the relevant nuclear information can be measured at the setup is much lower then the
actual beam time. The big ”instantaneous” incoming beam intensity during an EBIS
output pulse increases the ”signal-to-noise” ratio in the experiment [Hab94].

In Fig. 5.29 the B(E2,2{ — 0]) values obtained in this work are plotted in W.u.
together with adopted B(E2,2] — 07) values ( [nndc]) for Zn isotopes. The interpre-
tation of these results is the subject of the next chapter.

®This might be attributed to the known problem of ”time stamp mismatch”, i.e. the mismatch
between detected particle energy signals and timing signals.
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Figure 5.29: The open circles represent the B(E,Q,,Ql+ —>0}L) values obtained in this work
(74768 Zn). The full circles are adopted values for Zn isotopes from [nndc].
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Chapter 6

Discussion, Summary and
Outlook

6.1 Shell model description

A shell model description of the new experimental data points is provided by two
shell model calculations, which will be labelled SMI and SMII, performed in the full
pl5/2-8g/2 shell outside a %Ni closed core. SMI calculations were performed by N.
Smirnova (UGent, [Smi04,Smi06]) with the ANTOINE shell model code, whereas SMII
calculations were performed by A. Lisetskiy (GSI, [Lis04, Lis05, Lis06]) with the shell
model code OXBASH. The emphasize is on results for Zn isotopes with N>40. In the
following a brief description of the utilized residual interactions will be given, followed
by a discussion of the results for Zn isotopes, the neighboring Ni and Ge isotopes and
N=48,N=50 isotones. For comparison, shell model results from literature, for N<40
are shown in order to highlight the insight obtained in the nuclear structure of the
lighter 9627Zn and stable 64:66:68.707n jsotopes.

A comparison of experimental and calculated energy levels and transition strengths
for N>40 Zn isotopes is made in Fig. 6.1, 6.2 and 6.3.

6.1.1 The effective residual interaction

The configuration space considered in the shell model calculations is the full pf5/o-gg /2
shell (2p3/2,2p1/2,1f5/2 and 1gg o orbitals) outside an inert %Ni core. Two effective
residual interaction were used and compared to experimental data. The first and sec-
ond interaction will be referred to as SMI and SMII respectively. Both interactions
depart from the same realistic effective nucleon-nucleon interaction based on G-matrix
theory. This realistic interaction includes possible polarization effects due to the in-
ert ®Ni core [Hjo95]. SMI uses the original " Two Body Matrix Elements” (TBME)
deduced by Hjorth-Jensen et al. [Hjo95] with a further modification of the monopole
term [Smi04]. SMII departs from the same TBME’s, where the original TBME’s for
protons and neutrons have been fitted to new experimental data. The experimental
input for the fitting procedure consisted of Ni isotopes (closed proton shell at Z=28)
from A=57 to A=78 (the "®Ni data point being the theoretical Hartree-Fock binding
energy [Lis04]) and for protons data on the N=50 isotones from "Cu to °°Sn was
taken. Additional recent nuclear data on N=48,49 isotones and Cu isotopes (N=41-
44) were included as well in fitting of the TBME [Lis06].

In Chapter 3 both shell model calculations were already mentioned in the context of
the monopole variation in Cu isotopes. The calculated J™=5/27,3/27 energy levels in

149
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odd-even Cu isotopes (see Fig. 2.9 in Chapter 3) indicated the accurate description
of the proton single particle properties by SMII, which reproduces the observed near
degeneracy of the 2p3, and 1fy /5 levels in ;gCu. Though it should be noted that the
experimental spins of the two close lying levels at A=73 remain uncertain.

The T=1 part of the SMII interaction is symmetric in proton and neutrons, though it
has been shown that an asymmetric T=1 interaction reproduces Ni and N=50 E(2f')
states much better [LisO4]. A listing of these T=1 TBME’s for protons and neutrons,
together with the original G-matrix TBME’s can be found in [Lis04]. An interesting
feature of this asymmetric T=1 residual interaction is the strong enhancement of the
1g§ /2 J™=21T TBME for the neutron-neutron interaction. The difference between the

JT=2% and J™=0" neutron TBME is 0.373 MeV, compared to 0.727 MeV for the
proton-proton TBME, whereas in the original G-matrix TBME this difference is 0.538
MeV (no distinction between neutron and proton TBME is made). The asymmetry is
assumed to mimic the effect of proton excitations over the Z=28 shell, which are out-
side the model space [Lis04]. The influence of these TBME’s on the excitation energies
is nicely illustrated when comparing the calculated E(2]) in Ni isotopes (N=42-46)
and N=50 isotones (Z=42-46) with the experimental E(2]) . As seen in Fig. 6.8
(Bottom), the energy of the 2; state in Ni is systematically lower than in the N=>50
isotones. The calculation labelled SMIIT1 reproduces the E(2]) , though with an
isospin dependent residual interaction. The breaking of the Z=28 closed core due to
the repulsive monopole interaction between v1gg 5 and 7f;/, was suggested in several
recent publications ( [Lis04,0ts05,Maz05,Les05a,Ken01,Per06]) and might explain the
overall decrease of the 2;’ state in Ni, and possibly Zn isotopes. The results from SMII
calculations in this work were calculated with a symmetric T=1 interaction, which is
a compromise between accurate E(2f) description and a universal isospin independent
residual interaction in this valence space.

6.1.2 Effective charges

Effective charges are determined by adjusting the calculated B(E2,2] — 0;) and
B(E2,8] —6]) values for singly m/v closed shell nuclei with two v/7 outside the
N/Z=40 shell (resp.). In both cases the B(E2) values depend solely on one type of
nucleon since no nucleons of the opposite type are available in the restricted model
space. The nuclei considered are §3Mo (closed neutron shell N=50 + wlg? /2) and
"ONi (closed proton shell Z=28 + vlg3 /2) with following known B(E2) values : for
$Mo B(E2,2] — 0f) =8.4(5) W.u. and B(E2,8] —67)=1.31(2) W.u. [nndc], for "°Ni
B(E2,2] — 0{) =10(2) W.u. [Per06] and B(E2,8] —67)=0.66(2) W.u. [nndc]

The effective neutron and proton charges in the SMI calculations were (e,=0.9¢,e,=1.9¢).
The proton effective charge which should be used to reproduce the experimental
B(E2,2{ — 07) value in 93Mo of 8.4(5) W.u. is 1.7e [nndc, Smi06], though the ef-
fect of assuming e;=1.9e on the Zn results is minor.

In the SMII calculations effective charges (e,=1.00e,e,=1.56€) were used. For "°Ni the
calculated B(E2,8f — 67 )is 0.65 W.u., which compares well with the experimental
value. The B(E2,2{ — 07) value in the same "Ni is calculated to be 4.2 W.u., which
deviates from the recent experimental value. It should be noted that the current the-
oretical value is closer to the theoretical value in [Sor02] : 4.8 W.u. The calculated
B(E2,21+ — Of) value for %Ni is 2.97 W.u., which compares very well to the recent
experimental value of 3.09(73) e?fm* [Sor02]. For 92Mo the calculated B(E2,2{ — 07)
value is 7.2 W.u. (experimental value = 8.4(5) W.u. [nndc]).
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6.1.3 Evolution of the E(2]) ,E(4]) ,E(27) and E(0) states

First, it should be noted that the 2] level in "8Zn and the 4] level in ""®Zn were firmly
established in this work due to the selective E2 excitation probability in low energy
coulomb excitation of even-even nuclei. In Fig. 6.5 the evolution of the 2?,4?,03‘ and
2; energy levels is shown over the full pf/o-gg /o shell together with the SMI and SMII
calculations.

The monopole migration

From the proton occupation numbers in the ground state Of wave function the effect
of the monopole migration is apparent as shown in Fig. 6.4. The occupancy of the two
protons over the pf5/o-gg o shell shows a change from predominantly 2p3/; to predomi-
nantly 1f5 /5 occupancy in between A=72 and A=74. This increased proton occupancy
of the 1f5/5 orbit might increase the importance of the attractive monopole residual
interaction between 72f5/5-v1gg o orbitals. Even though SMI and SMII significantly
differ in the description of this proton single particle energy evolution, the calculated
E(2]) levels do not differ significantly, indicating that the E(2]) state is dominated
by neutron excitations in(to) the 1gg/, orbit, as will be shown in the following.

g.s.

2 > 1 gg/ 2 (L1724

2p, —
4
38
€
g —
5 2p, [
.§_
3
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S
g. 1f5/2

70 72 74 76 78 80

Figure 6.4: Distribution of the two protons over the pfs 2-gg 2 orbitals, as calculated by SMIL.
Due to the monopole migration, the 1fs;y is gradually filled more.
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E(2{) systematics

The overall decrease of the 2f and 4f levels is reproduced by both shell model calcu-
lations, though the magnitude is underestimated by both SMI and SMII for the E(QT)
level. Experimentally, the E(2]) decreases by ~400 keV over the range N=42-46, while
both shell model calculations predict an overall decrease of roughly 150 keV, indicating
the need for more collectivity in the shell model.

In table 6.1 the amount of 1gY>4° component in the ground state 07 wave function

9/2
is given for Zn isotopes (SMII calculation). The 1gé\7 ;40 component increases with in-

creasing neutron number, whereas the amount of the 2p-2h component decreases with
increasing neutron number. Neutron pair scattering from 1f5 /5 to 1gg /o peaks in 27n
and decreases strongly in "5787Zn.

The near constancy of the Zn E(2]) over the range N=42-46 indicates a seniority like
behavior for this state in the 1gg/5 orbit. The same situation is observed in Ni isotopes
(N=42-48) and the N=50 isotones (Z=42-48) (see Fig. 6.8). For the N=>50 isotones, it
has long been recognized that seniority is a good quantum number within the identical
nucleon 1gg/9-2py /o configurations ( [Lis04], [Xia88],).

The dominance of the 1gg/2 wave function in Ni isotopes was established in a shell
model study ( [Maz05]) utilizing the same interaction as in SMII and is given for com-
parison in table 6.1. In the Ni isotopic chain, the E(2]) decreases 2300 keV over
the range N=42 ("ONi) to N=48 ("Ni) (Fig. 6.8). The amount of pure lgg, wave

function in the ground state varies from 46% in Ni to 86% in "Ni (see table 6.1).
The decreased configuration mixing in the ground state decreases in turn the pairing

and thus the 0] is lowered less in "®Ni, compared to °Ni ( [Maz05]). For Zn isotopes a
(N —40)
9/2

in A=72 to 87% in A=T78, see table 6.1), indicating decreased mixing in the ground

state when more and more neutrons are added to 1gg/. Though, the E(2]) state

similar increasing 1g J=0 component is apparent in the ground state (from 10%

remains roughly constant and increases again at N=48, contrary to the E(ZIF) in TONi.
An alternative explanation for the further decrease of E(2]) in *Ni (N/Z=1.71) is
given by a reduced neutron pairing interaction for N/Z>1.60 nuclei [Wal06]. The
reduced E(2{) at this N/Z ratio was noticed before in 35Tegs (N/Z=1.62, see fig.
2.7) and was explained by a reduced neutron pairing gap at N=84 (QRPA calcula-
tions [Ter02]).

The unknown energy of the E(2]) state in 8Zn (N=50) is predicted to be 1810 Mev
by SMI and 1604 MeV by SMII. Since N/Z=1.67 in this nucleus, the energy might be
expected lower then these predictions. The N/Z ratio’s for some isotopes where this
effect might be expected are indicated in Fig. 6.8.

E(27) systematics

Experimentally a decrease of the 23 state is observed over the range N=40-46, though
the decrease is less pronounced compared to the 2] state (this is seen from the E(2])
JE(2]) ratio). The nature of this different behavior might be clarified by investigating
the corresponding neutron wave function (table 6.1).

The main difference between both states is the dominance of 2p-2h (4p-4h) excita-
tions in the 2] wave function where the two (neutron) holes are situated in the same
orbital, whereas the 2; wave function has a more pronounced amount of 2p-2h excita-
tions where the two neutron holes are situated in two different orbitals. The dominance
of pair scattering in the 2f wave function is possibly a reflection of the erosion of the
N=40 shell gap, which enhances pair scattering. The latter can be attributed to the
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O+
1gé\/§40 1fg221g$}§40+2 2p1221gN 40+2 1f— op; 121gN 40+2 [Lis04] 1gévg4°
Zmny | 3% 25% 10% -
27ng0 | 10% 47% 12% 1% ONi 44%
" 7nyy 32% 44% 12% 1% 2Ni 53%
7nss | T1% 16% 7% - "Ni 67%
®7ngs | 87% 7% - - Ni 83%
2-1—
1gé\7240 1fg221gN740+2 2p1 N 40+2 1f— 2p1 N 40+2
07y - 21% 2%
27mng | 5% 51% 13% 3%
“Zngy | 27% 52% 12% 2%
7nge | 7% 16% - 1%
87n48 97% 1% - -
2+
1gé\/540 1f5—221gN—40+2 2p, 2 1gN 0+2 -1 2p, 1gN 40+2
7m0 - 16% 3% 14%
27myy | 4% 27% 4% 42%
“Zng | 11% 27% 3% 46%
7ng | 73% 8% 1% 11%
®7Znus | 97% 2% - -
Table 6.1: Analysis of the 0f ,2{ and 2§ neutron wave functions in terms of 1g9/240
component and 2p-2h components (limited to 1]“/2199/240+2 2p1/22 1g£1)\//240+2 and

lf/22p1_/121g9/240+2) in % of the total wave function. Results are for SMII calcu-
lations [Lis06].

strong attractive monopole residual interaction between mlf5/5-v1gg o orbitals.

E(0;)

Experimentally the 0; state decreases with increasing neutron number and reaches
a minimum at N=40. A similar behavior was observed in N=48,50 isotones and the
neighboring even-even Ni and Ge isotopes (see as well Fig. 6.8), where it even becomes
the first excited state at N=40 in Ni and Ge. The reason for this behavior can be
attributed to the superfluid character of the neutron shell at N=40 ( [Sor02, Van05]).
The 0; state might be a mixture of different 0" orbitals, where pairs of nucleons are
located in different orbitals. From the occupation numbers n(1gg/s) of the 1gg /o orbit in
the ground state, relative to the "normal” occupation (N-40) : neztra(189/2)=0(1gg/2)-
(N-40) over the range N=30-50 it can be seen that at N=40 the pair scattering across
N=40 is enhanced. This fact was pointed out in [Sor02] for Ni isotopes and is plotted
in Fig. 6.6 for the Of ground state in Ni and Zn isotopes (current SMI and SMII
results). The enhanced filling of the v1ggy/ orbit in Zn sets in earlier then in the Ni
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isotopes, and decreases more rapidly at N=46,48. This observation has been reported
in [Per06] as well. At N=46, the enhanced filling of the 1gg/, is strongly reduced.
This is indicated by both SMI and SMII calculations. The overall higher occupation
in SMII is due to restrictions on the number of possible excitations to the 1ggy/, in SMI
for computational reasons.

2000
1800
1600
1400

E [keV]

1200
1000

f — — SMI [Smi06]
/ ----- SMII [Lis08]

800

600
400

200
o v by

4000

3500

E [keV]

3000

2500

2000

1500

1000

500

0

4000

3500

E [keV]

3000

2500

2000

1500

1000

500

4000

3500

E [keV]

3000

2500

2000

1500

1000

500

1 0 1 1 1 1
30 35 40 45 50 30 35 40 45 50

N N

Figure 6.5: Systematics of E(27) , E(41) , E(2f) and E(0F) compared to SMI and SMII
calculations.
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Figure 6.6: The number of additional neutrons in the 1gy,o orbit, compared to the normal
occupancy of N-40 for Ni and Zn isotopes. Left : SMII calculations for Ni and
Zn, Right : SMI calculations for Zn with "rg” and "rg2” interactions.

6.1.4 The B(E2,2] — 0]) systematics

In Fig. 6.7 A/B adopted and current experimental B(E2,2{ — 0]) values for Zn iso-
topes are shown together with SMI (A) and SMII (B) predictions. B(E2,2{ — 07) val-
ues for 62:64707n were adopted from lifetime measurements ( [Ken02, LesO5a, LesO5b]),
values for %6:%8Zn are averaged values from both lifetime measurements ( [LesO5a,
Les05b]) and multiple coulomb excitation studies ( [Ko0i03,Koi04]) at 4.2 MeV /u. The
data points on ">7*Zn were recently obtained at the GANIL facility by intermediate
energy coulomb excitation (in-flight fragmentation) [Lee02, Per06]. Data points on
476,871 were added by this work. The result for Zn (0.201(16) e*b?) is in good
agreement with the adopted value from [Per06] (0.204(15) e*b?).

SMI calculations

Two SMI calculations were performed with (er,e,)=(1.9¢,0.9¢) and are shown in Fig.
6.7 A. The dashed black line reproduces the B(E2) values for %7%72Zn very well, but
fails to reproduce the still increasing E2 strength in #Zn. The interaction used in SMI
is referred to as ”’rg” and is based on the G-matrix interaction from [Hjo95], with a mod-
ified monopole part [Now96, Smi04, Van04a, Van04b] and is the best fit to data in the
region. This interaction was successfully applied to odd Cu isotopes [Van04a, Van04b].
The dot-dashed line is a modified version of "rg”, referred to as "rg2”, with correc-
tions of three monopoles and with the addition of few multipoles [Smi06]. The ”rg2”
interaction improves the description of the monopole shift in odd-A Cu isotopes, as
shown in Fig. 6.7 G, where the single particle energies in odd Cu isotopes are shown
together with "rg” (dashed black line) and "rg2” (dot-dashed black line) calculations.
Higher B(E2,2] — 0f) values are calculated in both "7Zn with "rg2”.

An enhanced p-n interaction between mlfy/o-1/1gg/9, compared to 72p3/p-r/1gg/y Or-
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bitals would enhance the collectivity in the nucleus. This in turn depends on the
position of the 1f5 /5 orbit and is determined by the attractive monopole interaction
between 71f5/9-11gg/5. The better description of this monopole interaction by "rg2”,
as observed in the monopole shift in Cu, might explain the calculated increase in B(E2)
strength for "7 Zn.

In Fig. 6.6 (right) the number of additional neutrons in the 1gg/, (relative to N-40
neutrons) is plotted. With ”"rg2”, a higher (additional) occupation is calculated for
72,770, The additional 1gg /2 neutrons bring in an additional amount of E2 strength,
as suggested in [Per06].

SMII calculations

In Fig. 6.7 B, two SMII calculations are shown. (For comparison with SMI, the
SMII calculations for odd-Cu SPE are repeated in Fig. 6.7 G, indicating the ad-
equate description of the monopole shift.) The effective charges used in SMII are
(ex,er)=(1.56€,1.00e). The dashed black line, reproduces the experimental trend for
A>70. It should be pointed out that in the SMII valence space a small isovector charge
(defined as ery=3(e,-ex+1)) of 0.22 is needed. In the }3°Sn region, large isovector
charges were needed as well in large scale shell model calculations [Gor97,Dau00]. Re-
markably, the SMII calculations do not reproduce the B(E2,2Ir — Of) values for A<70.
Though, at A=70 the sum of the experimental 2, —0; (16.5 W.u.) and 2] —05 (7.5
W.u.) E2 transition strength is 24 W.u., which corresponds to the calculated value.
This indicates the influence of the calculated 02+ state, which is too high in energy in
SMII. Therefore all E2 strength from the QT state is contained in the 2T —>0;r transi-
tion. A remarkable improvement is obtained in the SMII result when the input 1gg
single particle energy is increased by 400 keV (dashed black line). The experimental
trend for A<72 is improved whereas the trend for A>74 is only slightly modified.
These results indicate that the B(E2,2ir — OT) strength for A>72 is dominated by
(vigs /2) J=2 —(v1g; /2) J—o transitions (the 2] state is predominantly a lgg /2 excita-
tion, see table 6.1). The analysis of the 2] wave function in table 6.1 shows a decreased
neutron pair scattering from "*Zn on (<20% 2p-2h component), compared to >50%
for ™77Zn. This reduces the total E2 strength in "™Zn, compared to ">™7Zn, as
observed experimentally.

In Fig. 6.6 the amount of additional neutrons in the 1gg /5 is plotted, calculated with
SMII (left). Similar to SMI, the additional occupation drops drastically for N>46.

Other calculations from literature

For comparison shell model results taken from [Les05a] are plotted in Fig. 6.7 A
as well. The full grey line represents calculations performed in the pf valence space
outside a %°Ca core with the Kuo-Brown residual interaction (LSSM-1, see [Les05b]
for further details). The dashed grey line corresponds to a pfs/-gg/2 model space
outside a %Ni core (LSSM-2). No excitations from the f7/o proton orbital are taken
into account in the latter. The LSSM-1 calculations, reproduce the B(E2,2] — 07)
and B(E2,4] — 2) trends up to N<38. From N=38 on, the inclusion of the 189/2
orbital in the valence space becomes important (LSSM-2). Additional information on
the g-factor of the 2] state indicates that neutron pair scattering across N=40 is of
prime importance in order to reproduce the experimental values (see [Ken02]).

In [Per06], shell model occupancies of the v1gg /2 orbital were calculated. The authors
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conclude that pairing correlations start to empty the fp orbitals in Zn isotopes earlier
and to a larger extent than in Ni isotopes thereby shifting the minimum in B(E2,2{r —
Of) to N=38, compared to N=40 in Ni. In this work a similar observation was made
(see Fig. 6.6). The enhanced filling of the vlgg /2 brings a direct contribution to
the B(E2) value through the 1g9J/222 configuration. From table 6.1 it is clear that the

amount of neutron pair scattering decreases drastically in 7%78Zn. This might be linked
to the sudden decrease in B(E2) strength in these isotopes, which is reproduced by
the shell model calculations. Comparing the 1gg /5 occupation in the SMI calculations
for "rg” and "rg2” interactions, it is seen that the latter enhances the pair scattering
for A=72,74 compared to ”"rg”. This increase is reflected as well in the higher B(E2)
values in these isotopes, as calculated by ”rg2”, which is in better agreement with
experiment in for Zn.

Shell model conclusions

The above shell model calculations (SMI,SMII,LLSSM-1 and LSSM-2) indicate the de-
creasing impact of ;5 proton excitations for heavier Zn isotopes (A>68) and the
increasing impact of neutron pair scattering to the 1gg/; orbit in heavier Zn isotopes
(A>68). From a comparison of "rg” and ”"rg2” interactions, it was concluded that the
monopole interaction between 7lf5/-v1gg/; enhances the p-n interaction and leads
to more collectivity. A sharp decrease in neutron pair scattering to the 1gg/, from
7671 on, observed in the 2? wave function components (SMII), is similar to the sharp
decrease in B(E2) strength from 7%Zn, so there might be a link between these obser-
vations. The higher neutron occupation in the 1gg/; and the higher B(E2) values in
72747n, calculated with "rg2” show the link between high B(E2) and enhanced neu-
tron (pair) scattering to 1gg /2. The large amount of neutron 1g§ /2 configuration in

the 2] state in "%™Zn (77-97%, compared to 5-27% in "79Zn) might be linked to
the strongly decreasing B(E2,21+ — Of) strength in "%78Zn, since the 21+ state is then
predominantly a neutron excitation.

6.1.5 The B(E2,4] — 2]) systematics

In Fig. 6.7 C,D and F calculated E2 transitions strengths are shown for 47 —2] |
2; —>21r and 2; —>O;r . The available experimental data are given as well. The only
experimental points for A>70 are provided by this work (open circles in Fig. 6.7 C),
though with large error bars due to the limited statistics'. The A=68 data point stems
from a multiple coulomb excitation experiment [Koi03], whereas the remaining data
points stem from life time measurements ( [LesO5a, Ken02]). The shell model calcula-
tions, both SMI and SMII, reproduce the new experimental B(E2,4] — 2]) transition
strengths above A=70. Remarkably, SMII fails to reproduce the B(E2,4] — 2]) val-
ues for A<70. When the 1gg/, orbit is lowered by 400 keV, the agreement improves,
similar to the observation in the B(E2,2{ — 07) values. Overall, the calculated
B(E2,41" — 2?) strength overestimates the experimental observed strength for A<70.
The discrepancy for A=64 is remarkable, since the shell model predicts a consider-
able increase in B(E2,4;r — 2?) strength, whereas experimentally a lower value then
A=62,66 is observed. LSSM-1 and LSSM-2 calculations from [Ken02] are shown in
Fig. 6.7 C as well. The same conclusion as for the B(E2,2] — 0]) values can be
drawn (see above, this paragraph), concerning the impact of v1gg/, excitations on the

!The measurement of B(E2,4T — 21’) values was not included in the original goal of the experiments
described in this work.
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E2 strength. In [LesO5b] the g-factor of the 4] state could only be reproduced when a
considerable amount of Vlgg /2 configuration was introduced, indicating the dominance

of 1g§ /2 admixtures in the wave function.

The remaining B(E2,2 —2{ ) and B(E2,2 —0; ) strengths will be discussed in the
paragraph on collective models, since they are an indication for the applicability of the
various collective models on neutron rich Zn isotopes.

In conclusion, all shell model calculations on Zn isotopes above A=68 (N=38) indicate
an important contribution from ulgg /2 configuration in the wave function of the low

lying excited 2 and 4] states. The B(E2,2] — 07) strength is thus dominated by
the specific E2 strength between (v1gg/9) =0 and (v1gy/2)j=2 configurations. For the
lighter Zn isotopes, excitations from rf7 /5 influence the low lying B(EQ,QT — 01") and
B(E2,4] — 2{) strength.

6.1.6 Comparison to neighboring even-even isotopes

In Fig. 6.9 B(E2,2] — 07) systematics is compared for neighboring even-even iso-
topes 2gNi,307Zn,30Ge,345¢,N=48 and N=50 isotones. SMII calculations are indicated
for 587706Ni,60-807Zn and "~%2Ge. SMI calculations are shown for 7747678807y and
76,78,80,82 (1.

In Fig. 6.9 A the B(E2,2{ — 0{) systematics of Ni isotopes is shown together with
SMII calculations and two shell model calculation from literature. The first calcula-
tion (long dashed line) is taken from [Sor02] and the utilized model space consists of
(1f7/22p3/21f5/22p1 /2) proton orbitals and (2p3/21f5/2189/2) neutron orbitals, outside a
48(Ca closed core. The solid grey line is taken from [Ken01], where a 1f; /22P3/2115/22p1 /2
valence space was used. In [Ken01] the full shell model calculation was performed with
a limited number of proton excitations out of the f7/5 orbital. The bell shape curve
was reproduced when up to five protons were allowed to excite across Z=28 (see Fig.
6.9 A). The main difference between SMII and the two literature shell model results is
the inclusion of {75 proton excitations in the latter. The difference between SMII and
the result from [Sor02] decreases for 5%7%72Ni, hinting the dominance of 1gg /2 neutron
excitations, and a decrease of the 7f; /5 contribution to the B(E2) above N=40. The
recent experimental B(E2,2Ir — Of) in “ONi is not reproduced by any SM calculation.
The high value has been interpreted in [Per06] as a rapid polarization of the proton
core induced by the filling of the neutron 1gg/, orbit, which is in turn a reflection of
the strong monopole interaction between m1fs/o-11gg /o.

The results on radioactive "®8%82Ge isotopes shown in Fig. 6.9C are taken from a re-
cent low energy coulomb excitation experiment in inverse kinematics at ORNL [Pad05].
A downward trend in B(E2,2] — 0]) values from N=42 to N=50 is observed for Ge
isotopes, similar to the observed downward trend in Zn (N=44 to N=48). The same
trend is observed in Se isotopes (see Fig. 6.9d) as well. The systematic trend hints a
strong N=50 subshell closure.

The higher B(E2,2{ — 0]) values compared to Zn isotopes indicate an increased col-
lectivity in these nuclei. Several collective models have been applied successfully to
lighter Ge isotopes (A<72) [Koi03, Toh01, Toh00, Kot90, And94]. For N>40 Ge iso-
topes, the behavior is analogue to the Zn isotopes : an identical decrease of the E(QT)
state in Zn and a drastic lowering of the B(E2,2] — 0]) strength.
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6.2 Seniority versus Collectivity

In the previous paragraph it was shown that the current shell model description in
the pfs/o-g9/2 space (SMI-II) quite accurately describes the evolutionary trend of Zn
isotopes for N>40. The importance of the 1gg/; orbit on the experimental observables
was highlighted repeatedly. This dominance of the nuclear structure by a single high-j
orbit will be elaborated upon in this paragraph.

Collectivity and configuration mixing in the nuclear medium is driven primarily by the
residual proton-neutron interaction. In heavy Zn isotopes (A>70), the residual proton-
neutron interaction is limited to the "normal parity” 2pg/,-1f5/o proton orbitals and the
1gg/2 neutron orbital. The increased B(E2,2T — Of) value for ?Zn was interpreted as
a gradual increase of collectivity. For a deformation parameter $~0.23 positive parity
Nilsson orbitals penetrate in negative parity region, offering the possibility to generate
large B(E2) strength [Lee02]. In a recent publication it was pointed out that collectivity
develops faster in nuclei where both protons and neutrons are in the first half of the
shell (or both in the second half) compared to one filling below and the other above
midshell [Cak06]. Applying this result to the major shell between nucleon numbers
28 and 50 (22 valence nucleons), it can be expected that collective nucleon motion
will develop slowly in heavy (A>70) Zn isotopes (2 valence protons and >12 valence
neutrons). Though, from radial overlap arguments ( [Cas00, Hey95] and illustrated in
Fig. 6.10 for a 1s; 5 orbital with any nlj-orbital), the residual interaction is considerably
larger between (17f5 /9,189 /2) orbitals then between (27p3/2,1vgg/2) orbitals. Since the
proton wave function calculated by SMII has increasingly more 1f5 5 content (due to the
monopole migration) it might be expected that collective behavior might be enhanced.
These contradictory results (slowly developing collectivity versus enhanced proton-
neutron interaction) raises the question whether heavy Zn isotopes exhibit collective
behavior. The development of collectivity will be hindered by the neutron shell closure
at N=>50, as indicated by the strong reduction of the B(E2,2] — 07) values in Zn, Ge
and Se.

In reference [Res04] a restoration of seniority like behavior was shown to appear
when the structure is dominated by a relatively high j(j>7/2) single particle orbit.
In typical collective regions the B(E2,J—J-2) 52 scale with the B(E2,2] — 07) (i.e.
over all collective regions B(E2,4] — 2]) ~1.5B(E2,2] — 0]) [Res04]). A parabolic
behavior of B(E2,2{ — 0]) would be accompanied by similar parabolic behavior for
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B(E2,4] — 2]) values. This is in complete contrast with the B(E2,4] — 2]) trend
in regions where seniority (v) is a good quantum number (i.e. where the structure
is dominated by like nucleon excitations). In the latter case the seniority conserving
transitions (J—J-2,J>2) are proportional to :

2j+1-2n)\>

M (6.1)
2;+1—-2v

whereas the seniority changing transition J=2—J=0 is proportional to

(n—v+2)(2j+3—n—-v)
2(2j +3 — 2v)

(6.2)

(see [Res04, Tal63]). This behavior is plotted in Fig. 6.11 A. In [Res04], regions in
the nuclear chart where seniority-like behavior could be expected to (re-)appear (as-
suming "normal” magic numbers) were proposed. The proposed regions include the
(2=28,30,32-N=40-50) region (see Fig. 6.11 C). The B(E2,J—J-2) j>2 trends lack ex-
perimental input to check the seniority picture. For both Ni and Zn isotopes with
N>40 the B(E2,8] —67) was found only in "7Ni and "®Zn( [Maz05], [Dau00]). The
fact that the B(E2,8] —67) strength in ">™Ni was not observed could be explained
by SMII calculations and is linked with the a low lying v=4 6; state, which is a faster
decay channel for the 8] (Av=2, see Fig. 6.11 A and [Maz05]). The new experimental
data from this work sheds light on the B(E2,4] — 2{) trend in heavy Zn isotopes. In
Fig. 6.7A and B these trends are plotted for Zn isotopes (J<4). The new experimental
data confirms the trend predicted by shell model calculations. A seniority like behavior
of the B(E2,4] — 2]) values seems to be ruled out, at least for the B(E2,4{ — 27)
value in this region of the nuclear chart. It can be concluded that a simple seniority
picture where N=40 is a sub-shell closure is not valid in this region.

In [Del05] the seniority picture was ”recovered” by assuming a sub-shell closure at
N=38. The calculated seniority B(E2) parabola from that work reproduces the high
B(E2) values in ">™7Zn (see Fig. 6.11B). A more microscopic interpretation for the
increased B(E2) strength in ™ is given in [Per06].
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6.3 Collective Models

The stable even-even Zn isotopes (A=64,66,68,70) are generally interpreted with the
collective vibrational model, where the structure is characterized by a 1-phonon 2
level and a triplet of 2-phonon states (25 ,4],05 ) at approximately twice the 2] energy.
Due to residual interactions between the two phonons, the degeneracy of the triplet
is in general lifted. This feature is referred to as ”anharmonicity”. The ratio of
E(25,47,05)/E(2]) in vibrational nuclei ranges from 2.0 to 2.4 [Cas00]. These limits
are indicated in Fig. 6.5. It is seen that all Zn isotopes exhibit similarities to a typical
vibrational nucleus. Nevertheless transitions rates are found to be in conflict with the
basic vibrational picture. A summary is given in the following with selected examples
of more advanced collective model descriptions for the stable 6:68Zn isotopes.

The B(E2,4 — 2{) /B(E2,2] — 0]) ratio: In the harmonic vibrational model,
the B(E2,4] — 21) /B(E2,2{ — 07) ratio is 2, due to the selection rule AN,,==1,
where Ny, is the number of phonons. For the same reason the B(E2,25 —07) transi-
tions strength should be zero. For the stable 62:6466.687n = accurate measurements of
the B(E2,4] — 27) value were performed with lifetime measurements (A=62 [Ken02],
A=64,68 [Les0bal, [Les05b]) and multiple coulomb excitation (A=66,68 [K0i03,K0i04]).
These results are summarized in Fig. 6.7 C and compared to SMII calculations
and adopted shell model calculations from literature (LSSM-1/2 [Ken02]). The lat-
ter highlights the importance of the 1gg/, neutron orbital in the reproduction of
B(E2,4{ — 2) transition strengths. In [Les05b] a g-factor measurement of the 47
state in ®®Zn indicated the dominance of the Vlgg /2 configuration in the 4] state of

68Zn. The experimental B(E2,47 — 2) /B(E2,2] — 0;) ratios range from 0.6-1.,
far from the vibrational value of 2. Other collective model approaches such as the
rigid rotor model or the Interacting Boson Model predict values of ~1.43 (rigid rotor),
~1.3-1.4 (0(6),SU(3) in IBM) and ~1.6-1.7 (U(5) in IBM) (IBM ratio’s are given in
Fig. 6.12). Although the collective ground state band cannot be interpreted as a
pure vibrational band (nor as a rotational band), more advanced collective models,
discussed in the following, do reproduce the observed transition ratios.

For A=68 a Nilsson-Strutinsky calculation showed two distinct minima at y=60°,
one at $=0.10 and one at 0.18 [Koi04], indicating that one collective band is build
on the Of state and is not influenced by the 1gg /5 orbit (the potential minimum does
not contain 1ggy /o orbitals below the Fermi surface), while the second collective band

is build on the O;’ state and is strongly affected by the 1gg /o (the potential minimum
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contains 1gg/, orbitals below the Fermi surface) [Koi04]. The latter argument (the 05
being influenced by the 1gy/5) is similar to the argument of neutron pair scattering to
the lgg /2-

For A=66, a Deformed Configuration Mixing shell model calculation reproduces the
B(E2,4] — 2) /B(E2,2{ — 07) ratio of 0.96(7) [Ko0i03] [Aha81].

The new experimental B(E2,4] — 27) /B(E2,2] — 0) values for A=74,76, although
with large error bars are surprisingly well predicted by both shell model calculations
(SMI and SMII). Again, the typical vibrational value of 2 is experimentally not ob-
served. The enhancement of the B(E2,4{ — 21) /B(E2,2] — 07) might indicate more
collective motion in these neutron rich Zn isotopes, which might be expected from the
arguments given in par.6.2.

The B(E2,2] —0;]) strength : In the current experiments on A=74,76,78 Zn
isotopes nothing can be deduced related to the B(E2,25 —27) and B(E2,25 —0]).
Experimental data on these transitions is rather scarce (even for stable Zn isotopes),
but small excitation strengths have been observed, which indicates that the two phonon
state is mixed with the one phonon state within the vibrational model. Indeed,
in [Lig72] a wave function of the 23 state was deduced from the (e,e’) form factor
for this state. The wave function expanded in 1- and 2-phonon wave functions indi-
cated a 94% 1-phonon component. In the same reference the large anharmonicities,
when pairs of neutrons are added in the pf shell, are related to a less rigid or softer
vibrator having a more diffuse surface than a rigid vibrator.

These selected examples of advanced collective model calculations show that stable Zn
isotopes (N<40) can be interpreted with collective models. They offer an explanation
for the reduced transition rate ratio’s observed in these nuclei and predict deformed
band structures. Again, the influence of the 1gg/, orbit is a major influence in these
interpretations. Arguments given in this and the previous paragraph indicate that
heavier Zn isotopes might exhibit collective motion which is more similar to typical
vibrational motion. Though, the development of collectivity should be strongly hin-
dered by the stablizing effect of the N=>50 shell closure.

6.4 The 2] Quadrupole Moment

In order to investigate the deformation of heavy Zn isotopes, more experimental data
is necessary. Especially B(E2,25 —2] ) transitions rates and <2{ ||[M(E2)|[2] >
matrix elements are crucial parameters in order to discuss possible deformation effects
in the low-lying band structures.

Approximate relations exist connecting transition strengths between 2f ,2; ,Of and
0F states. These relations are based on sum rules within the vibrational model. Two
of these are given by :

10

B(E2,4f —2f) = —(B(E2,2{ —00)+ B(E2,2] —0])) (6:3)
327
Qyp " = S5 (B(E2,4] —2]) - B(E2,27 —2))  (6.4)
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[Naq75]. Another collective relation between the quadrupole moment Q21+ and the
B(E2,2] — 07) is obtained in the rotational model ( [Naq75]) :

5
B(E2,0f —2}) = — 2
( » Y1 - 1) 167T 6Q0|
|Q"2”‘1f = 0.91\/B(E2, 07 —2f (6.5)

with ;ﬁt:Qo . % (K=0 for 2), though the rotational model does not apply
1

to Zn nuclei, where only a limited number of valence protons and neutrons are avail-
able. The new experimental data on A=74 provides evidence for a negative quadrupole
moment of the QT state. The error bars are too big to give a definite value, though
from the Fig. 5.8 limits can be given, based on the consistency between CM1 and
CM2 B(E2) values within their error bar. The known experimental quadrupole mo-
ments are summarized in Fig. 6.13. The open triangles correspond to values obtained
from electron scattering experiments [Sto05] and the filled triangles are quadrupole
moments obtained from the fitting of matrix elements in multiple coulomb excitation
experiments [Koi03,Koi04]. It is clear that there remains uncertainty on the sign of
the quadrupole moment for %Zn. In neighboring isotopes, the overall trend is towards
negative quadrupole moments (Ge,Se). In Fig. 6.13 the quadrupole moments resulting
from the SMII calculations are plotted together with the experimental data for Ni, Zn
and Ge isotopes. Some overall correspondence is found in the trends predicted by
the shell model. For all Zn isotopes the SMII calculation predicts negative quadrupole
moments. The non-zero QQT provides additional evidence for the non-vibrational char-
acter of ™ Zn, since the vibrational model predicts a zero quadrupole moment [Koi03].
The aforementioned relations between B(E2,2] — 07) , B(E2,4] — 27) and Q-
values can be applied to the A=7476 results, where the 22+ state is not considered.
The latter is a crude assumption, since within the vibrational model B(E2,2§' —>2;r
)=2-B(E2,2{ — 07) . Though, a qualitative estimate of the collective properties will
be given here. The results are summarized in table 6.2. It is seen that large quadrupole
moments are obtained for the 2] state, while the B(E2,4] — 2{) values are close to
the experimental value. In Fig. 6.7 B, the B(E2,4] — 2) values obtained here are
indicated by the crosses.
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Figure 6.13: Ezperimental quadrupole moments for Z>28 and <50, together with estimated
quadrupole moments from the current experiment. For Zn isotope, a discrepancy
on the sign of the quadrupole moment exists for %6 Zn. Double values in the same
isotopic chain are related to destructive and constructive interference terms (. 2;
-2F ) in the experimental technique (coulomb excitation re-orientation). Shell
model predictions (SMII) are compared to experimental data for Ni, Zn and Ge
in the three bottom plots.
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6.5 The Nilsson Model

In Fig. 6.14 the Nilsson orbitals are given for N/Z=28-50. Filling neutrons in the 1gg
orbital, they occupy downsloping orbitals up to N=44, thus the deformed configura-
tion becomes energetically more favorable. Experimentally for N=44 a maximum in
collectivity is observed, for £5=0.24. Whereas the last neutrons for N=46 are placed
on an orbital which is rather insensitive to deformation. Experimentally, a sudden
decrease in collectivity is indeed observed in "®Zn. For N>>46 neutrons fill upsloping
orbitals and favor a more spherical configurations and the B(E2) value drops drasti-
cally. The tendency towards prolate deformation (/32>0, Q21+<0) is consistent with

the experimental tendency to a negative quadrupole moment for the 2f state.

The contribution of proton excitations in the Zn nuclei across the Z=28 shell might be
hindered by the filled downsloping 1/2[321] orbital. It becomes thus energetically less
favorable for protons to jump across the Z=28 shell, contrary to an empty 1/2[321]
proton orbital in Ni isotopes. In the latter, protons might favor a more deformed
configuration in this orbital. Proton excitations across Z=28 have been confirmed by
shell model calculations in V<4ONi isotopes [Ken01].
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Figure 6.14: Nilsson orbital occupation for N>40.

6.6 The Grodzins Rule

The global systematics of the product B(E2,0{ — 2) -E(2]) =constant, known as the
Grodzins rule, makes it possible to predict the 7, (or, equivalently the B(E2,2] — 07)
) of the 2] level from the knowledge of E(2{) . This phenomenological rule has been
reviewed by Raman et al. [Ram01] and is given in eq. 2.10 in Chapter 3. The pre-
dicted B(E2,2{ — 07) values for Ni, Zn and Ge isotopes based on the latter formula
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and the known E(2]) values are plotted in Fig. 6.15 (solid black line). A significant
deviation is observed for neutron rich isotopes, where experimental data is available
(A4276Ge,A2767n). The values for radioactive >7Zn fit exactly to the Grodzins pre-
dictions. A modified Grodzins rule was proposed by Habs et al., including an explicit
a+b(N-N) dependence (see Chapter 3, eq. 2.11) where N is the neutron number of
the stable nucleus in an isobaric chain and a,b are fitted to E(2]) -B(E2,2{ — 07)
data on nuclei between Z=50-82 and with E(4]) /E(2]) >2.2 [Hab02], yielding pa-
rameters a=1.26 and b=-0.077. The experimental trend downward to N=50 of the
B(E2,2] — 07) values is better followed by this modified Grodzins rule (small dashed
line). The values for 52:64Zn fit much better to this modified version as well. The pre-
dictions for Ni isotopes remain roughly the same for the lighter Ni isotopes, whereas
significant different predictions are obtained for heaver Ni isotopes (A>68, including
the assumed ”doubly magic” "®Ni). This raises the question whether this modified
Grodzins Rule, which applies well for Zn and Ge isotopes, remains applicable in neu-
tron rich Ni isotopes.

Further experimental evidence for these phenomenological predictions are definitely
necessary (especially for Ni isotopes) in order to validate the modified Grodzins rule.
Applying an identical fitting procedure to available experimental data on Z=28-50 iso-
topes with the same condition E(4]) /E(2]) >2.2, a new "modified Grodzins rule”
was obtained with parameters a=1.076 and b=-0.039. The same trend down to N=>50
is predicted, though less steep (long dashed line).

In conclusion, for neutron rich systems, far away from the line of stability, the con-
stancy in the product of the energy of the QT state and the B(E2,2;r — Of) seems to
fail. Though, by including an explicit dependence on the neutron excess (N-N) and
fitting this dependence to nuclei where the collective model of the nucleus is established
(Z=50-82), the predictions are in better agreement with recent experimental results
(Zn and Ge).
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Figure 6.15: Ezxperimental B(EQ,QT — OT) values for Ni,Zn and Ge isotopes compared to
the empirical Grodzins rule and two modified versions of this rule, including an
explicit N-N dependence.
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6.7 Global Systematics

In Fig. 6.16 the E(2]) and B(E2,2] — 0{) systematics is plotted for isotopes with
28<7<40. A drop in B(E2) strength and thus a decreased collectivity for N approach-
ing 50 is observed in all these isotopes. The maximum collectivity between N=40-50
shifts from N=44 in Zn to N=42 in Ge and Se and eventually to N=40 in Kr, Sr and
Zr. For Zn isotopes it has been pointed out that an increased neutron pair scattering
across the N=40 neutron gap into the 1gg/, orbital brings in an additional amount
of E2 strength and this increased occupancy of 1gg/o sets in earlier in Zn then in
Ni [Per06]. The shift of the maximum B(E2) might reflect that this onset to addi-
tional 1gg /5 occupancy starts even earlier for Z>30.

Along the N=40 line, a gradual decrease of E(2f) is observed, indicating the increased
collectivity due to the additional protons outside the Z=28 shell and their interaction
with the full neutron pf-shell. At the proton shell closure Z=28, the 2? state raises
sharply in %Ni. Adding more neutrons into the 1gg /2 orbital after it has been half
filled seems to decrease the collectivity for 36<Z<40 isotopes, as seen from the sudden
increases of the E(2]) and sharp decrease of B(E2) strength.

The near constancy of E(2]) for 28<Z<34 isotopes hints a seniority like (v1g? /2)=2

character of the 2] state. Remarkably, at N=44, all E(2]) become nearly identical for
all isotopes with 28<7Z<40.

On the N=44 line, the B(E2,2{ — 0{) strength increases from Zn to Ge and becomes
roughly identical for Se, Kr, Sr and Zr (peaking at Sr, 2 proton holes in the Z=40 shell).
Assuming a predominantly (v1 gg /2) character for the 2] state in isotonic N=44 Zn, Ge

and Se, the increase in B(E2,2] — 07) might be attributed to increased proton E2 ex-
citations in the pf shell. Since the 1f5/; proton orbital becomes presumably the ground
state in ggCu44, an increased monopole interaction between 7lf5 5 and v1gg/» might be
expected, leading to enhanced p-n interaction (see Fig. 6.10). A completely filled 1f5 /5
ground state would correspond to Z=34 (Se). The increasing B(E2,2{ — 07]) in the
series Zn, Ge and Se might thus be a reflection of the increased strong p-n interaction
(which is a source for increasing collectivity) between m1f; ), and v1gg, orbitals.

6.8 Summary

B(E2,2] — 07) values have been measured for neutron rich N=44,46 and 48 Zn iso-
topes. The current result for 74Zn is in agreement with the adopted value from [Per06].
The highest collectivity in the Zn isotopic chain is found to be at N=44. Adding two
more neutrons reduces strongly the collectivity at N=46 and 48.

Shell model calculations reproduce the decrease in B(E2) strength but require modifi-
cation of the input 1ggy/, single particle level or modification of three monopole parts
and the addition of multipole parts.

B(E2,4] — 2]) values are measured for the first time in these neutron rich Zn isotopes
and are in remarkable agreement with shell model predictions. When filling neutrons
across mid-shell, between N=40 and 50 (half filled 1rgg /2 orbital) the collectivity de-
creases strongly. This is observed in other isotopes with 30<Z<40 as well. A strong
N=50 neutron shell closure might explain this strong reduction. Shell model calcula-
tions in the pf5/9-g9/2 space reproduce this trend very well.

Within the Nilsson model, the decrease of the B(E2,2{ — 07) values is interpreted
to originate from the strongly upsloping Nilsson orbitals for N>46. The hindrance of
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Figure 6.16: Global B(E2,2] —0] ) and E(2] ) systematics for 28<7Z<40 isotopes.

proton excitations across Z=28 are qualitatively interpreted as due to a filled 1/2[321]
proton orbital.

Standard global systematics for E(2]) -B(E2,2] — 0) , governed by the phenomeno-
logical Grodzins rule, fails from N>46 on in Zn isotopes. A similar deviation is observed
in Ge isotopes. Though, incorporation of an explicit neutron dependence improves the
predictions and is interpreted as the confirmation that the reduced B(E2,2] — 07)
strength is indeed a neutron induced effect.

The 2] state in “®Zn was fixed in this work and the systematics of E(2]) shows an
increase of E(2]) at N=48, contrary to the observed decrease in Ni isotopes. This
difference might by due to a reduced neutron pairing interaction for N/Z ratio’s larger
then 1.6, analogue to the observation in Te and Sn isotopes.
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6.9 Outlook

Upcoming experiments on Zn isotopes up to the N=50 line will provide new insights
in the structure of nuclei with N/Z>1.6. The reduced energy in "Ni should as well be
reflected in the 2] energy in 80Zn. Thus, the E(2]) is expected to occur lower then
expected from shell model calculations.

At REX-ISOLDE new experimental setups are being developed to study the level
structure of neutron rich Zn isotopes by means of transfer reactions. Higher lying
levels, such as the 0] and 25 state might be identified.

Coulomb excitation at higher beam energies provide much improved experimental con-
ditions, since higher lying levels will be excited as well and the limited beam intensities
form a lesser problem due to the increased excitation probability of the levels. The only
drawback being the semi-classical approach which might be violated at some point.
Though, specific target-beam combinations can be selected and might form a reason-
able compromise.

Together with the increased beam energy at the upgraded REX-ISOLDE facility, new
primary target developments have proven to be successful and dramatically improved
beam purity has been achieved for Zn isotopes.

The next step in the exploration of the region around “®Ni is the development of in-
tense and pure Ni beams for Coulomb excitation and/or transfer reactions.

The development of new particle detectors for use with MINIBALL, such as the seg-
mented Bragg detector offer the opportunity to reduce the error on the beam com-
position and to measure eventually quadrupole moments of the 21“ states (if beam
intensities are high enough).
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GOSIA2 input file for *Zn

In the following an example input file for the A=74 experiment is given. For details,
see the GOSIA2 manual ( [GOS2]).

Input file for the projectile beam nucleus :

1

OP,FILE

OP,GOSI

LEVE

1,1,0,0.

2,1,2,0.606

3,1,4,1.419

0,0,0,0

ME

2,0,0,0,0

1,2,0.4,-4.,4.

2,2,0.,-2.,2.

2,3,1.,-2..2.

0,0,0,0,0

EXPT

1,30,74

-50,120,188.3,53.8,3,1,0,0,360,0,1

CONT

OP,YIEL

0 6,1 ! energies and multipolarities
0.065,0.1,0.55,1.,1.5,2. linternal conversion coeflicients
2

3.286,0.6522,2.774E-3,2.943E-4,1.819E-4,6.956E-5
24 ! number of detectors per experiment
1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1
43.5,51.6,71.0,36.7,65.9,57.9,39.0,50.4,
67.0,64.7,36.7,61.9,122.6,144.4,115.2,
112.3,129.5,140.4,120.9,108.3,137.5,108.3,136.9,124.3
21.8,60.2,35.0,143.8,146.7,114.6,207.6,
246.6,217.9,310.2,321.6,342.8,155.8,
127.2,123.2,29.2,57.3,17.8,299.8,329.1,331.4,250.6,258.6,223.1

2,1 ! normalisation transition

179
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1! data sets see also op,raw

1E10,1E10 1,1 ! Normalisation of several datasets
4! Gamma Yields File Unit

0,0 ! Branching Ratios

0,0 ! Lifetime

0,0 ! Mixing Ratios

0,0 ! known matrix elements

OP,RAW

1

-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.
-0.71051,0.01833,-0.03984,0,0,0,0,-999.

124
1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24
0

OP,REST

0,0

OPINTG

11,14,170.6,214.5,29.1,83.8

165 170 175 180 185 190 195 200 205 210 215
29 32 35 40 45 50 55 60 65 70 75 80 83 85

11

160

165. 170. 175. 180. 185. 190. 195. 200. 205. 210. 215.
19.09 19.12 19.15 19.16 19.16 19.16 19.16 19.15 19.15 19.13 19.10 19.08
15,15

OP,EXIT
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Coulomb Excitation of +6.8Ga

B.1 ™Ga

In Fig. B.2, the random subtracted spectrum is shown for the FULL (left) and CM1
(left) range. The bottom figures are the prompt and random coincident spectra, with
a gate on the 170.9 keV transition. The same is shown in Fig. B.3 for the full A=74
laser off period. In this case, a pure ““Ga beam was impinging on the 2°Sn target. In
Fig. B.5 the level scheme of ™*Ga is given. The known levels were deduced from f-
decay studies of ™Zn [Win89]. Since the latter has a 07 ground state, predominantly
the J=17 levels in "*Ga are fed. There is no direct ground state feeding to ™Ga.
An isomeric state at 59.6 keV is present with a half life of 9.5(10) sec [KI1i74]). The
spin of the ground state and the isomeric state is assumed to be (37),(0) respectively
[nnde, Win89]. This spin sequence, with AJ=3, is consistent with the half life of 9.5
sec 1. The spin assignment to the 108.7 (J=1%), 59.6 (J=(0)) and 56.6 (J=(2)) keV
levels were deduced from the strong g-feeding to the 108.7 keV level and the strength
of the 49. keV and 52. keV gamma rays (decay from 108.7 keV to 59.6 and 56.6
keV levels) [Kl1i74]. The 3.0 keV transition between 59.6 and 56.6 keV levels has the
multipolarity M2 or E3, as argumented in [K1i74].

The Coulomb excitation process can be limited to E/MA\ transitions with A <2 (see
Fig. 2.15). The dominating transition in the spectrum is the Doppler broadened
transition at 170.9 keV. Inspection of the known level scheme of ™Ga indicates a
possible transition of 171.2 keV between the 56.6 and 227.8 keV levels. Tentative spin
assignments are (between brackets [nndc] assignments) ground state = 37 (37), 56.6
keV = 27 (2) and 227.8 keV = (1,2,3)” (<3). In which case the 171.2 keV transition
would be predominantly a fast M1 transition. Since the two levels at 56.6 and 59.6
keV are separated by merely 3.0 keV the assignment of this transition between these
states relies strongly on a proper Doppler corrected peak. The resolution of the Doppler
corrected transition is 4.6 keV with the mean energy at 170.94(6) keV. Excitation from
the isomeric state at 59.6 keV to 227.8 keV would yield a transition line at 168.2 keV,
which is excluded based on the Doppler corrected mean energy. The excitation to the
227.8 keV level might be a E2/M1 excitation : (37)—(1,2,3)(7). No evidence for the
56.6 keV excitation is present since the detection limit of the MINIBALL detectors was
set to ~100 keV and the transition is strongly affected by the large internal conversion
coefficient at this energy. The M1 assignment to the 170.9 keV de-excitation gamma is

!The Weisskopf single particle half-life estimate is given by In(2)/(Ags(1+a)) where « is the internal
conversion coefficient, for E=59.6 keV and Ag3=34A%E%,.,. This estimate predicts 1/2=13.7 sec when
using a~100 (as in [Kli74]). The observed half life of 9.5 sec is consistent with this estimate. Other
multipole estimates give values which are order of magnitude higher or lower.
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supported by the fact that the transition is observed with a Doppler shift. The flight
time from the target to the CD detector is of the order of 1.9-3.6 nsec and the transit
time for Ga through the target is of the order of 0.3 fsec. In Fig. B.1 the half-life of
a level which de-excites with a gamma ray of AE=200 keV is shown as a function of
the B(LA) value (in W.u.), where L=E for electric, L=M for magnetic transitions and
A is the multipolarity. The half-life of a level is given by :

In2
Ty = —~— B.1
1/2 A\ (B.1)
with \;=(1+a)-\, where « is the internal conversion coefficient. A, depends on the
multipolarity of the gamma transition (taken from [Ald75]) :

Mt = 17584 X (AEyev)’B(M1, J; — Jy),2 - 10Psec™ (B.2)
Apt = 1.5902 x (AEney) B(EL, J; — Jf)e2 2 - 107 sec™ (B.3)
Apz = 1.2251 x (AEwev ) B(E2, J; — Jf) e pma - 107sec™ .

The B(LA) values are not known in the considered Ga isotopes, but an estimate of
their order of magnitude can be performed by looking at the nearest odd-odd isotopes
where B(E1),B(M1) and B(E2) values are known. In §§’76AS41743, the known B(E1)
values range from 10~7 up to 107> W.u. for transitions around 300-400 keV. B(M1)
values range from 1072 up to 0.5 W.u. With these values in mind, it can be seen
from Fig. B.1 that, presumably, the doppler shifted de-excitation gammas will have
M1 character (in the assumption that B(E1) and B(M1) values are similar in Ga as
in As isotopes). The 2~ assignment to the 56.6 keV level is consistent with the M2
character of the 3.0 keV transition between 56.6 keV (27) and 59.6 keV (07) levels
( [K1i74]). The latter is then consistent with an E3 character of the 59.6 keV transition
(with appropriate life time of 9.5 sec). In coincidence with the 170.9 keV gamma ray a
weak 236.2 keV gamma ray was observed. In the Doppler corrected (CM1) spectrum,
311(45) counts were observed in this transition with 45(7) coincident counts in the
170.9 keV transition. Assuming that the 236.2 keV and 170.9 keV transitions come in
a cascade, where the 236.2 keV is the upper transition, and assuming a total efficiency
of 19.3% at 170.9 keV, 60(9) coincident counts are expected in coincidence with the
detected 236.2 keV. A possible cascade of three gamma rays is then given by : 236.2
keV (J™ —37)-170.9 keV (37 —21) - 56.6 keV (2t — 37). The partial level scheme is
given in Fig. B.5 where the new tentative spin assignments are indicated at the right.
The possible direct transition of 227.8 keV from (3~ —37) would be of mixed E2/M1
character, though the transition is dominated by the fast M1 de-excitation channel. A
new level at 464 keV is postulated. The two 17 levels higher then 700 keV are omitted
in Fig. B.5.

From a relative comparison of the gamma yields from “4Ga de-excitation and target
de-excitation, the cross section for de-excitation of the 170.9 keV gamma can be given,
analogue to eq. 2.40, without the relative angular distribution included. The result is
summarized in tab. B.1. The error on target yields is the statistical error, without the
beam contamination included. The final error on the cross section includes the error
on the beam contaminations parameter "R”.
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B(L1) [W.u.]
1,E-07 1,E-05 1,E-03 1,E-01 1,E+01
‘ M1
1,E+00 =l
\\\
1,E-02 - T~ Stopped
\ —
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O T T~ _
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() ~~ =
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LEAZ In Flight el
1,E-14 - decay ~M1
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Figure B.1: Lifetimes for LA=F1,E2 and M1 transitions and AE=200 keV as a function
The full black line indicates the flight time

of the associated B(LA) in W.u.

to the particle detector.

Transitions with Longer lifetimes will not be Doppler

shifted. The internal conversion coefficients were ap1 =0.0111, ap,=0.0079 and
aps=0.0512 [nndc].

Ga error | Sn error | og, | Ogq error
counts counts mb mb
FULL | 5600 124 | 2052 51 | 130.6 | 929 58
CM1 | 2503 83 867 33 80.0 | 605 44
CM2 | 2531 83 903 35 79.7 | 579 42

Table B.1: Cross sections for the de-excitation of the 170.9 keV gamma for the three CM
ranges. Limiting angles in the CM can be found in Chapter 4.
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236.2 keV
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M1 :171.2 keV

1+

(1-,2,3+)

1+

(0) 9.5sec (0+)

\4

(2) 31ns (2-)
M1 : 56.6 keV

4 (3-) 8.12min  (3-)

74

Figure B.5: The (partial(*)) level scheme of ™ Ga. The observed transitions are tentatively
placed in the known level scheme and new tentative spin assignments are indi-
cated at the right in red. (*) = Two 1T levels higher then 700 keV are omitted.
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B.2 "Ga

In Fig. B.6,B.7 and B.8 the random subtracted spectra are shown for the FULL (left)
and CM1 (right) range. The bottom figures are the prompt and random coincident
spectra, with a gate on the 160 keV, 220 keV and 25 3keV transition. The same is
shown in Fig. B.9,B.10 and B.11 during the full A=76 laser off period. In this case, a
pure °Ga beam was impinging on the ?°Sn target.

Three distinct gamma transitions are observed in the spectra which can be attributed
to de-excitations in *Ga : two Doppler broadened shifted transitions at 160.3(1) keV
and 253.46(7) keV and a not Doppler shifted transition at 220.07(7) keV. By gating
on each of these 3 transitions the the following two cascades could be distinguished
(see Fig. B.6,B.7 and B.8) : (1) 253 keV + 160 keV and (2) 220 keV + 195 keV + 108
keV. In the first cascade, 1077(49) and 309(37) counts were observed in the Doppler
corrected 253 keV and 160 keV transitions (respectively), where 40(6) counts in the
160 keV line were observed in coincidence with the 253 keV line and 41(6) counts in
the 253 keV line in coincidence with the 160 keV line. Assuming an efficiency of 16.3%
at 253 keV, 50(6) counts are expected in coincidence with the 160 keV line if the latter
is the upper gamma in the cascade, which is consistent with the observed 41(6) counts.
Assuming 19.7% efficiency at 160 keV, 212(10) counts would be expected in the 160 keV
line in coincidence with the 253 keV line, which is far from the observed 40(6) counts.
In conclusion, the cascade 253-160 keV is identified with the 160 keV gamma being the
upper transition. In the second cascade, only the (delayed) prompt coincident gamma
ray at 220 keV is seen in the particle coincident spectrum with 280(26) counts, whereas
two coincident gamma rays are observed when gating on the 220 keV line : at 108 keV
- 12(4) counts and 195 keV - 13(4) counts. Assuming efficiencies of 21.8%,18.3% at
108,195 keV (resp.), 61(6),51(5) (resp.) counts are expected in coincidence with the 220
keV gamma if the latter is the upper transition in the cascade, which is not consistent
with the observation. In conclusion, the 220 keV line stems possibly from an excitation
to a level at this energy, while it is fed by two other transitions which stem from the
excitation of 2 higher lying levels. Since the Doppler corrected spectrum (see Fig.
B.7) still shows an appreciable peak shape for these two gamma’s it can be assumed
that they were Doppler broadened. The second transition of 195(2) keV ends up at
an energy of 220.07(7)+195(2)=415.1(2.1) keV which would fit the highest level of the
first cascade.

The Doppler shift of the transition provides an indication for the multipolarity of the
transitions. The flight time from target to CD ranges from 1.9 to 3.6 nsec for °Ga in
the CM1 range. As discussed above for 7*Ga, most doppler shifted transitions around
200 keV might be of M1 character, assuming similar order of magnitude for B(E1),
B(M1) and B(E2) values in Ga as in As isotopes. The partial level scheme is shown
in Fig. B.12 [nndc| (levels above 1 MeV are omitted). Levels are known from (-decay
studies of "®Zn. The two identified gamma cascades cannot be placed in the known
level scheme of "®Ga. Therefore, four new levels are tentatively suggested which would
fit to the observed transitions.

From a relative comparison of the gamma yields from "°Ga de-excitation and target
de-excitation, the cross section can be given, analogue to eq. 2.40, without the relative
angular distribution included. The result is summarized in tab. B.2. The error on
target yields is the statistical error, without the beam contamination included. The
final error on the cross section includes the error on the beam contaminations parameter

7 R77



B.27Ga

E Ga  error | Sn error | og, | Oge €rror
keV counts counts mb mb
160.3 | 643 57 197 28
FULL 220.1 | 718 43 | 656 28 | 130.7| 249 31
253.5 | 2459 73 908 103
160.3 | 309 37 139 24
CM1 220.1 | 280 26 252 63 72.6 | 143 22
253.5 | 1077 49 587 76
160.3 | 305 37 107 18
FULL 220.1 | 399 29 | 347 20 80.0 | 158 22
253.5 | 1112 48 470 o8

189

Table B.2: Cross sections for the de-excitation of the 160.8, 220.1 and 253.5 keV transitions
for the three CM ranges. Limiting angles in the CM can be found in Chapter 4.
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Figure B.12: The (partial(*)) level scheme of ™® Ga. The observed transitions are tentatively
placed in the level scheme and new tentative spin assignments and new levels
are indicated in red. (*) = all levels above 1 MeV are omitted.
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BGa

In Fig. B.13 the random subtracted spectrum is shown for the FULL (left-top) and
CM1 (right-rop) range. The latter spectrum is Doppler corrected. The bottom figures
are the prompt and random coincident spectra, with a gate on the 280 keV transition
for both CM ranges. The same is shown in Fig. B.14 for the full A=78 laser off period.
In this case, a reasonably pure “®Ga beam was impinging on the '®Pd target.

A Doppler broadened transition is observed at 282.9 keV. In coincidence with this
gamma ray, 24(5) counts are observed in the region around 150 keV. From the poor
statistics it is not clear whether these counts can be attributed to 2 or 1 transition(s).
The line at 282.9 keV is possibly an M1 transition from the ground state (3+) to the
known level at 281.4 keV with spin (1+,2,3+). The flight time from target to CD
detector is again of ranging from 1.8-3.6 nsec. If the ground state is indeed 3 and the
transition is M1, JT™=1" can be removed from the possible angular momenta.

In tab. B.3, the cross section for production of the 282.9 keV gamma ray is given. The
cross section was deduced in the same way as A="%76Ga. The error on target yields is
the statistical error, without the beam contamination included. The final error on the
cross section includes the error on the beam contaminations parameter "R”.

B.3

Ga error | Pd error | opg | ogs error
counts counts b mb
FULL | 279 30 | 1536 44 | 2.13 | 89 197
CM1 | 141 17 878 33 | 1.51 | 544 127
CM2 | 132 22 688 30 | 1.12 | 483 127

Table B.3: Cross sections for the de-excitation of the 282.9 keV gamma for the three CM

ranges. Limiting angles in the CM can be found in Chapter 4.
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Figure B.15: The (partial(*)) level scheme of ™ Ga. The observed transitions are tentatively
placed in the known level scheme and new tentative spin assignments are indi-
cated at the right in red. (*) = all levels above 900 keV are omitted.



Appendix C

Coulomb Excitation of 470 Zn :
Experiment 2003

In 2003, a first Coulomb excitation experiment was performed on "»7%Zn. The exper-
iment partly failed because of an electronics problem : the fast coincidence between
particles and gamma’s was not set properly so the CD detector was overwhelmed with
elastically scattered particles. Switching of the ”downscaling” and reducing the beam
intensity resulted in a first coulex spectrum of "476Zn. These spectra are shown in
Fig. C.1.

The RIB was heavily contaminated in 2003, consisting of "*Ga (~8(2)%), %Zn
(~9(2)%) and “°Ar (41(10)%), where the (%) is referring to % of the Zn beam. The
number of counts in the 2] —07 transition in "Zn is 289(17). Adopting the result from
the 2004 experiment, the number of expected counts from the target (}2°Sn) 21 —07
transition is 8. Experimentally 20(4) counts are observed in this region. Taking into
account the target excitation by all contaminants, calculated by GOSIA and the (%)
of the contaminant, the resulting number of target excitation by Zn is estimated to be
7(3) counts.
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Figure C.1: Coulex spectrum for ™Zn (top) and "Zn (bottom), at 2.2 MeV/u on a 1.7
mg/cm? 20Sn target.



Appendix D

Timing properties

The negative values for the ”prompt coincidence window” in the time difference spec-
trum of Fig. 5.2 are a consequence of the specific ”timestamping” properties of the
MINIBALL setup in 2004. The scheme in Fig. D.1 is a sketch of how the negative
time difference values appear in the raw data stream. This scheme can be seen as an
add-on to the logics scheme of Fig. 3.22.
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Figure D.1: The specific timing properties of the particle and gamma branch in the MINI-
BALL setup (2004).



Samenvatting

Inleiding

De wetenschappelijke kennis over de structuur van de materie heeft een vlucht genomen
op het einde van de 19°-begin 20%%¢ eeuw. In die tijd werd ontdekt dat materie is
opgebouwd uit individuele atomen. Het atoom bestaat uit een bijzonder klein vol-
ume, de atoomkern, die omgeven is door een uitgestrekte elektronenwolk. De typische
dimensie van een atoom is 10710 m, terwijl de atoomkern typisch een straal heeft
van enkele 10715 m. De atoomstraal wordt bepaald door de elektronenwolk die zich
rond de atoomkern bevind. De kleine atoomkern bestaat uit elektrisch neutrale neu-
tronen (N=het neutrongetal) en positief geladen protonen (Z=het protongetal of het
atoomgetal). Beiden dragen bijna de volledige massa van het atoom en worden nu-
cleonen genoemd. De nucleonen worden bij elkaar gehouden in het kleine kernvolume
door de sterke interactie. Deze laatste is een van de vier natuurkrachten (de gravita-
tionele, electromagnetische en zwakke interactie zijn de drie overige). De vraag die in
de kernfysica gesteld wordt is hoe een complex systeem van interagerende nucleonen
zich binnen het kernvolume organiseren.

Hierbij staat de vraag centraal hoe de kracht tussen de interagerende nucleonen kan
beschreven worden. Doordat de verschillende nucleonen met hun omgeving interageren
kan de wvrije nucleon-nucleon interactie niet zonder meer toegepast worden. Deze zo-
genaamde in-medium effecten worden in rekening gebracht in residuele interacties.

Informatie over de structuur van een atoomkern kan bekomen worden door de
karakteristieke straling die een atoomkern uitzend. In het geval van radioactieve
atoomkernen is deze straling op natuurlijke wijze aanwezig. Een radioactieve atoomk-
ern is een onstabiele combinatie van een aantal protonen en neutronen. Door bv. een
proton(neutron) om te zetten naar een neutron(proton) of een aantal protonen en/of
neutronen uit het kernvolume te sturen zal een radioactieve kern zich naar een meer
stabiele configuratie omzetten. In het geval van stabiele atoomkernen kan straling
geinduceerd worden. Dit kan gebeuren in laboratoria, waar energetische bundels van
atomen of andere deeltjes op stabiele atoomkernen worden gestuurd.

De grondtoestand van de atoomkern is een toestand van minimale energie. Wan-
neer een hoeveelheid energie wordt toegevoegd zal de atoomkern naar een geéxciteerde
(of : aangeslagen) toestand gebracht worden. Deze geéxciteerde toestanden worden
bepaald door de residuele interactie tussen de individuele nucleonen. Een geéxciteerde
toestand wordt gekenmerkt door een spin (J) en pariteit (7). De grondtoestand van
atoomkernen met een even aantal protonen en neutronen is altijd een J”"=07 toestand.
De eerste aangeslagen toestand is in de meeste gevallen een 27 toestand.
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De aangeslagen toestanden in een atoomkern kunnen berekend worden d.m.v. the-
oretische modellen. Een van de eerste kernmodellen was het schillenmodel, waar de
atoomkern wordt voorgesteld door een potentiaalput. Daarin groeperen nucleonen zich
in verschillende schillen, gescheiden door grote energieverschillen. Het succes van dit
model is te danken aan de exacte voorspelling van de magische nucleon getallen. Een
atoomkern met een magisch aantal nucleonen is stabieler dan een niet-magische kern.
Het aantal nucleonen dat zich in de verschillende schillen bevindt, komt inderdaad
exact overeen met deze magische nucleon getallen. Een schil binnen het schillenmodel
bevat op z'n beurt een aantal orbitalen, die gescheiden worden door kleinere energiev-
erschillen.

De ingrediénten voor berekeningen met het schillenmodel zijn de residuele nucleon-
nucleon interactie en een computer die de vele mogelijke combinaties van nucleonen
in de valentie orbitalen kan berekenen. Voor de berekeningen wordt enkel rekening
gehouden met nucleonen die zich buiten een gesloten schil bevinden. Enkel deze zo-
genaamde wvalentie-nucleonen bepalen het excitatie spectrum van de kern. Een be-
langrijke beperking hierbij is dat een gesloten schil mogelijks wel bijdraagt tot het
excitatiespectrum, vooral in regio’s waar een exces aan neutronen of protonen aan-
wezig is.

Een tweede kernmodel vertrekt vanuit een geometrisch beeld van de kern. Op die
manier wordt de kern beschreven als een klein sferisch volume dat door zich te vervor-
men in een aangeslagen toestand komt. Zo kan het kernvolume een vibratie- of rotatie-
beweging uitvoeren. De energiespectra vertonen karakteristiecken die typisch zijn voor
zulke bewegingen. In het geval van een vibrationele kern, worden de aangeslagen
toestanden van een kern beschreven door phononen. Een phonon heeft een angulair
momentum 2. Op natuurlijke wijze vloeit daaruit voort dat de eerste aangeslagen
toestand in vibrationele kernen een 27 toestand is.

Mbotivatie

In dit werk wordt nagegaan hoe zware, neutron-rijke en radioactieve Zn kernen (30 pro-
tonen en 44 tot 48 neutronen) kunnen beschreven worden met de huidige kernmodellen.
De 30 protonen hebben twee protonen buiten het magische nucleon getal 28, terwijl
de 44 tot 48 neutronen 6 tot 2 neutronen minder hebben dan het magische nucleon
getal 50. Het neutrongetal 40 is in deze atoomkernen een intrigerend getal, aangezien
het een zogenaamde sub-schillen sluiting betreft. Binnen de schil 28-50 is het laatste
orbitaal dat gevuld wordt het gg o orbitaal, hetwelke 10 nucleonen kan bevatten. De
positie van het gg /5 orbitaal is cruciaal voor het optreden van een aanzienlijke N/Z=40
(sub-)schillen sluiting.

Het bijzondere aan dit onderzoek is dat het hier radioactieve atoomkernen betreft
die niet op natuurlijke wijze voorkomen op aarde. Daarom moeten de experimenten
uitgevoerd worden aan een laboratorium waar radioactieve ionenbundels beschikbaar
zijn. Een daarvan in Europa is het ISOLDEFE laboratorium in CERN.

De atoomkern wordt onderzocht aan de hand van verschillende observabelen. Zo
kan het excitatie-spectrum (de verschillende energie niveaus) bekomen worden door
de gamma straling op te meten tijdens het g-verval van radioactieve elementen. Een
andere manier om informatie uit de kern te halen is door de kern te laten interageren
met andere atoomkernen (waardoor de kernen geéxciteerd worden) en de daaropvol-
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gende de-excitatie straling op te meten. In de vorige paragraaf werd reeds aangehaald
dat de meeste even-even kernen een 0 grondtoestand en een eerste aangeslagen 2
toestand hebben. De waarschijnlijkheid waarmee de even-even atoomkern die over-
gang kan maken noemt men de B(E2)-waarde van de atoomkern. Deze B(E2) waarde
bevat cruciale informatie over de natuur van de 2% toestand. B(E2) kunnen uitgedrukt
worden in Weisskopf Units (W.u.). Een B(E2) waarde van 1 W.u. is een 1-deeltjes
overgangswaarschijnlijkheid. B(E2) waarden van 50 of meer W.u. zijn typisch voor
kernen waar veel nucleonen collectief verantwoordelijk zijn voor de excitatie. Lage
B(E2) waarden zijn dus een indicatie dat de excitatie gebeurd door een beperkt aantal
nucleonen.

In dit werk werd de B(E2) overgangswaarschijnlijkheid opgemeten tussen de 0T

grondtoestand en de eerste aangeslagen 27 toestand in de even-even Zn kernen ganM,
§82n46 en §§Zn4g.
In een voorgaand doctoraatsonderzoek (Van Roosbroeck, KU Leuven, 2002) werden
zware Zn kernen (7°~78Zn) onderzocht en er werd geobserveerd dat de 2+ toestanden
in deze kernen globaal een lagere energie hebben in vergelijking met de 2;r energie in
lichtere Zn kernen. De energie daling van een 27 toestand is algemeen een indicatie voor
meer collectiviteit in de atoomkern. De vraag is dus hoe collectiviteit zich ontwikkeld
in deze atoomkernen. De B(E2) waarde is precies de experimentele observabele die
deze evolutie weergeeft. In diezelfde experimenten (Van Roosbroeck, 2002) werd geob-
serveerd dat een tweede 07 toestand zeer sterk verlaagd wordt in excitatie-energie en
bereikt een minimum bij een neutrongetal van 40. Een tweede 07 toestand werd ook
geobserveerd in %Niyg en "2Geyg, waar die zelfs de eerste aangeslagen toestand wordt
van de atoomkern. In %Ni werd deze verklaard door een toegenomen verstrooiing van
neutron-paren over de N=40 sub-schil.

Tot voor dit werk waren de B(E2) waarden in Zn isotopen gekend tot massa 74 (44

neutronen). De twee laatste Zn isotopen (7>7Zn) zijn radioactieve isotopen, waarvan
de B(E2) waarden recentelijke werden opgemeten [Lee02,Per06]. Deze gekende B(E2)
waarden toonden een geleidelijke toename van collectief gedrag in de atoomkern vanaf
neutrongetal 38. Dit werd geinterpreteerd als een toename van neutron-verstrooiing
over de N=40 sub-schil [Per06], waardoor er meer interactie tussen valentie-protonen
en neutronen ontstaat en waardoor collectiviteit toeneemt.
Deze toegenomen bezetting van het gg/, orbitaal werd ook geobserveerd in ggNLm
(proton schillensluiting en neutron sub-schillen sluiting). De B(E2) waarde in deze
proton-magische kern is opmerkelijk laag in vergelijking met de andere proton (en
neutron) magische Ni kern (°Ni). De lage B(E2) waarde werd verklaard door een
toegenomen verstrooiing van neutron paren over de N=40 sub-schil (die ook verantwo-
ordelijk werden geacht voor de tweede 0" toestand bij lage excitatie energie) en door
het uitgesproken neutron karakter van de 2% toestand. B(E2) waarden in Ge-isotopen
(32 protonen) werden opgemeten tot de neutron schillensluiting N=50. De waarden
zijn typisch 20-35 W.u., maar worden drastisch verlaagd vanaf N=44 tot aan de N=50
schillensluiting.

De experimenten beschreven in dit werk breiden de kennis van de B(E2) waarden
in de Zn isotopen uit tot dicht bij de N=>50 lijn (3°Zn). De B(E2) waarde in deze
neutron-magische kern kan gebruikt worden om de effectieve proton lading te bepalen
binnen de gebruikte valentieruimte of om na te gaan hoe sterk de Z=28 en N=50
schillensluitingen zijn bij deze extreme N/Z verhouding van 1.67. De nieuwe B(E2)
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waarden tonen alvast de evolutie aan van de B(E2) waarden naar de N=50 lijn.

Experimentele technieken

Coulomb Excitatie

De B(E2) waarden kunnen opgemeten worden door een Coulomb excitatie te induceren
in de radioactieve "76:78Zn isotopen. In een Coulomb excitatie reactie worden twee
atoomkernen met elkaar in botsing gebracht. Door de elektrische lading van beide
atomenkernen worden ze door de elektromagnetische wisselwerking verstrooid tijdens
de botsing. Dit verstrooiingsproces kan zowel elastisch als inelastisch gebeuren. In het
geval van elastische verstrooiing spreekt men van Rutherford verstrooiing, waarbij de
atoomkern geen inwendige energie opneemt. In het geval van inelastische verstrooing
wordt de atoomkern inwendig geéxciteerd naar 1 van z'n aangeslagen toestanden. In
dat geval spreekt men van Coulomb excitatie. Het inelastiche verstrooiingsproces be-
vat precies de structurele informatie over de atoomkern. In het geval van even-even
kernen is de meest waarschijnlijke excitatie die naar het eerste aangeslagen 27 niveau.
Het aantal kernen dat tijdens het verstrooiingsproces geéxciteerd wordt naar de QT
toestand is een maat voor de B(E2) waarde in de atoomkern.

Het Coulomb excitatie proces wordt exact beschreven door de welgekende elektro-

magnetische interactie ( [Ald75]). De werkzame doorsnede voor het exciteren van een
atoomkern, onder de invloed van het elektromagnetisch veld van de botsingspartner,
kan dus precies berekend worden. De ongekende B(E2) waarde is de enige parameter
in de berekening van de werkzame doorsnede.
In de beschouwde experimenten werden de Zn isotopen versneld tot een energie van
~200 MeV en in botsing gebracht met stabiele atoomkernen in een trefschijf (*2°Sn of
108pq). De werkzame doorsnede voor excitatie van de stabiele trefschijfkernen kan ex-
act berekend worden aangezien de B(E2) voor deze kernen gekend is. Door een relatieve
vergelijking van het aantal geéxciteerde trefschijfkernen en het aantal geéxciteerde Zn
kernen kan de B(E2) waarde in Zn kernen bepaald worden.

REX-ISOLDE (CERN)

De radioactieve neutronrijke Zn isotopen werden geproduceerd aan de radioactieve io-
nenbundel faciliteit ISOLDE (CERN,Zwitserland) door middel van proton geinduceerde
fissie van een Uranium trefschijf. De zware Uranium kernen bevinden zich in een
Uranium-grafiet koker die in een trefschijf-container is geplaatst. De fissieproducten
diffunderen uit de trefschijf-container naar een dunne transmissielijn. In dit dunne
buisje (transmissielijn) wordt resonant laser licht gezonden. Met behulp van drie reso-
nante laser frequenties worden selectief elektronen uit de elektronenwolk van Zn atomen
naar het continuiim gebracht. Hierdoor komen de Zn atomen in een 17 ladingstoes-
tand. De elektrisch geladen atomen worden vervolgens door een 60 kV potentiaal uit
de trefschijf-container gehaald, waarna ze gescheiden worden naargelang hun massa.
Naast de laser-geioniseerde 4Zn isotopen waren er isobare (met dezelfde massa) con-
taminanten aanwezig die oppervlakte ionisatie ondergingen in de transmissielijn, dit
door de extreme temperatuur van de transmissielijn (~2000°C). In de beschouwde ex-
perimenten was de enige dominante contaminatie afkomstig van isobare Ga isotopen.
Na de massa separatie wordt de isobare atoombundel (Zn+Ga atomen) naar een Pen-
ning Trap gebracht waar ze continu worden geinjecteerd en periodiek (~25 Hz) in
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pakketjes worden doorgestuurd. De pakketjes komen terecht in de Electron Beam Ion
Source (=EBIS), waar ze met een intense elektronenbundel interageren en tot een hoge
ladingstoestand worden gebracht (~20-217). Aan dezelfe repetitiefrequentie waarmee
ze geinjecteerd werden in de EBIS, worden de atomen geinjecteerd in de REX-ISOLDE
naversneller. Deze laatste is een lineaire versneller die de atomen versnelt tot een en-
ergie van ~3.0 MeV /u (MeV per nucleon, in dit geval 2200 MeV) .

An het einde van de lineaire versneller bevind zich de trefschijf waar de Coulomb
excitatie van de stabiele trefschijf kernen en de radioactieve inkomende Zn kernen
geinduceerd wordt. De trefschijf is omringd door acht Germanium detectoren, dewelke
de gamma-stralen detecteren die wordt uitgezonden wanneer de geéxciteerde toestand
vervalt naar de grondtoestand. De cluster detectoren vormen samen de MINIBALL
opstelling. Iedere cluster detector bevat drie Germanium kristallen, die elk op hun
beurt zes maal elektrisch gesegmenteerd zijn. Dit brengt het totaal aantal onafhanke-
lijke Germanium segmenten in de MINIBALL opstelling tot 144. Deze hoge segmen-
tatie van de Germanium detectoren heeft tot doel de richting van de uitgezonden de-
excitatie gamma straal heel precies te bepalen. Aangezien de geéxciteerde atoomkern
enkele pico-seconden (afhankelijk van de B(E2) waarde) na de excitatie terug vervalt
naar de grondtoestand zal de uitgezonden gamma straal met een doppler verschuiving
waargenomen worden, aangezien de de-exciterende kern nog steeds met hoge snelheid
beweegt (~0.07c). Het inelastisch verstrooide atoom wordt gedetecteerd in een Si de-
tector dewelke bestaat uit vier onafhankelijke kwadranten. De kwadranten zijn op hun
beurt gesegmenteerd, zodat de verstrooiingshoeken van het atoom kunnen bepaald
worden (zowel 6 als ¢). Door de kennis van de verstrooiingshoeken van de atoomkern
en de emissierichting van de gamma straal is een Doppler correctie mogelijk van de
gedetecteerde gamma energie.

Resultaten

Een moeilijkheid bij deze radioactieve ionenbundel experimenten betreft de isobare
bundel contaminatie, in dit geval Ga. De ongekende B(E2) waarde van de Zn isotopen
wordt bepaald aan de hand van een relatieve vergelijking met de gedetecteerde de-
excitatie van de trefschijfkern. Deze laatste wordt ook geéxciteerd door de isobare Ga
kernen, dus moet het aantal gedetecteerde gamma stralen afkomstig van de trefschijfk-
ernen genormaliseerd worden naar het aantal de-excitaties die geinduceerd werden door
Zn atomen. Daarom moet de bundelcompositie exact gekend zijn. Deze kan bepaald
worden door de laser-ionisatie periodiek te blokkeren. Daardoor valt de extractie van
Zn atomen uit de trefschijf-container tot nul en is er enkel extractie van Ga (er wordt
aangenomen dat de Ga extractie niet beinvloed wordt door laser ionisatie). Door
gelijke tijdsintervallen te vergelijken met en zonder laser ionisatie kan de verhouding
van het aantal Zn atomen tot het aantal Ga atomen bepaald worden. De informatie
hiervoor kan bekomen worden door het aantal verstrooide deeltjes in de Si deeltjes
detector te vergelijken, of door het verschil in gedetecteerde trefschijf de-excitaties te
vergelijken tijdens periodes met en zonder laser ionisatie. Een bijkomende check van
de bundel compositie werd bekomen door de bundel in een AE-E ionisatie kamer te
sturen, waar een expliciete bepaling van het atoomgetal Z een beeld geeft van de bundel
compositie. Deze meting bevestigde dat de bundel enkel uit Zn en Ga atomen bestond.

Voor deze experimenten werden uitgevoerd was de energie van de 27 toestand in
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87n onzeker. Nu, door de selectieve Coulomb excitatie van 2% toestanden in even-
even kernen, kan deze 2% toestand geconfirmeerd worden en wordt de systematiek van
27 energieén uigebreid tot N=48.

Deze experimenten leverden B(E2,2iF — Of) waarden op voor de drie onderzochte Zn
isotopen, maar eveneens konden B(E2,4;r — 2;“) waarden bepaald worden door geob-
serveerde 4] —2] de-excitaties, afkomstig van dubbele excitaties : 07 —2 —4] .
Deze waarden zijn de enige B(E2,4] — 2) waarden boven N=40 in de Zn atomen.
De B(E2,2] — 0{) waarde voor "Zn die in dit werk gemeten werd is in overeenstem-
ming met de waarde die recentelijk opgemeten werd aan een ander Europees labo voor
kernonderzoek (GANIL, Frankrijk) [Per06].

De B(E2) systematiek voor Zn isotopen toont dat er inderdaad meer collectiviteit
optreedt vanaf N=38 (de 2] energie verlaagd en de B(E2,2] — 07) verhoogd) maar die
collectiviteit bereikt een maximum bij N=44, waarna de B(E2) waarden uit dit werk
aantonen dat er een drastische verlaging optreedt van de B(EQ,QT — Of) tot N=48
(zie Fig. 5.29). Deze plotse sterke daling van de B(E2,2] — 0]) wanneer neutronen
in het g5 orbitaal worden gevuld werd eveneens waargenomen in Ge (Z=32) and Se
(Z=34) isotopen.

Schillenmodel berekeningen, waar enkel valentie nucleonen buiten een ®°Ni kern in
rekening worden gebracht zijn in goede overeenstemming met de huidige experimentele
resultaten. Enkel voor de lichtere Zn kernen (proton-rijk) en bij N=44 zijn er afwi-
jkingen. Doch, deze goede overeenstemming wordt enkel bekomen wanneer hoge
effectieve ladingen worden toegekend aan protonen en neutronen (protonen 1.9e en
neutronen 0.9¢). Dit kan er op wijzen dat een gesloten °Ni kern (Z=N=28, magis-
che nummers) niet voldoet aan de eisen van een inerte kern. Het optreden van
proton excitaties over Z=28 werd reeds herhaardelijk gerapporteerd in de literatuur
[Lis04, Ots05, Maz05, Les05a, Ken01, Per06]. De sterke daling van de B(E2,2] — 07)
waarde in neutron rijke Zn kernen kan er ook op wijzen dat de QT toestand voor-
namelijk een neutron excitatie is binnen het gg/5 orbitaal, wat bevestigd wordt door
de schillenmodel berekeningen, waar 77% ("°Zn) tot 97% ("®Zn) van de 2] neutron
golffunctie uit gg/ excitaties bestaat.

De B(E2,21+ — O;F) systematiek van Zn isotopen werd berekend met twee schillen-
model berekeningen. Beiden vertrekken ze van een realistische nucleon-nucleon inter-
actie gebaseerd op G-matrix theorie. De schillenmodel berekening door N. Smirnova
( [Smi04,Smi06],label SMI) bevat een correctie van de monopool term van de residuele
interactie, dewelke verantwoordelijk is voor de positie van 1-deeltjes energy niveaus. In
de schillenmodel berekening door A. Lisetskiy ( [Lis04,Lis06],label SMII) wordt gebruik
gemaakt van een residuele interactie die gefit werd aan experimentele data in dezelfde
regio van de kernkaart (Ni,Cu, N=48 en N=50 isotonen). De resultaten van beide
schillenmodel berekeningen werden eerste vergeleken met de proton 1-deeltjes niveaus
in neutron rijke Cu (Z=29) kernen. In deze kernen werd geobserveerd dat de exci-
tatie energie van het 1fy 5 niveau sterk verlaagd wordt wanneer neutronen in het 1gg
orbitaal worden gevuld. Dit werd in [Fra0l] toegeschreven aan de sterke attractieve
monopool interactie tussen neutronen in de 1gg/, en het proton in de 1f5/5. Dezelfde
interactie is sterk repulsief tussen een proton in 1f;/; en een neutron in 1gg /o orbitals.
Bij A=73 zijn het 1f5/; en 2pz/; niveau bijna ontaard. Dit wordt vrij goed gerepro-
duceerd door de SMII berekeningen, terwijl SMI berekeningen deze bijna-ontaarding
berekenen rond A=79. Hoewel hier dus een aanzienlijk verschil is in de beschrijving
de proton 1-deeltjes niveaus, blijken de resultaten voor de B(E2,2{ — 0]) waarden
in zware Zn kernen niet sterk verschillend. Dit kan er op wijzen dat de QT toestand
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hoofdzakelijk een neutron excitatie is.

De verhouding van de 41+ over de 2{ energie is ongeveer 2 voor alle Zn isotopen.
Deze verhouding wijst op een vibrationeel karakter voor de 2? toestand (collectief
model van de atoomkern). Het vibrationele model voorspelt verder dat ook de ver-
houding van B(E2,4] — 2]) over B(E2,2 — 0]) 2 is. De B(E2,4] — 2{) waarden
voor lichtere kernen voldoen niet aan deze voorwaarde, want daar zijn verhoudingen
gemeten van <1. De nieuwe B(E2,4] — 2{) waarden voor "*"Zn tonen een verhoud-
ing van ongeveer 1.2, wat er op wijst dat hier nog steeds het vibrationele model niet
van toepassing is.

Conclusies en Vooruitzichten

In dit werk werden drie Coulomb excitatie experimenten beschreven, uitgevoerd aan
de radioactieve ionenbundelfaciliteit REX-ISOLDE te CERN, Zwitserland. Deze ex-
perimenten leverden drie B(E2,21F — Of) waarden op voor de radioactieve "476:78Zn
kernen en twee B(E2,4] — 21) waarden voor ™7%Zn. Verder werd de energie van de
2] toestand in "®Zn bevestigd. De nieuwe B(E2,2] — 0{") waarden werden vergeleken
met twee schillenmodel berekeningen waarbij verschillende residuele interacties werden
gebruikt in de valentie ruimte buiten een *Ni kern. De experimentele B(E2,2{ — 07)
waarden worden gereproduceerd door beide berekeningen. Beide gebruiken echter hoge
effectieve ladingen voor neutronen (SMI=0.9e en SMII=1.0e) en mogelijke contributies
van proton excitaties over de Z=28 schil zijn niet inbegrepen. Mogelijks is dat laatste
verantwoordelijk voor de noodzaak aan de hoge neutron effectieve lading.

De drastische daling van de B(E2,2] — 0]) waarden vanaf N=46 werd toegeschreven
aan het dominante neutron karakter van de 21+ toestand in deze zware Zn kernen.

De B(E2,2{ — 0{) waarde in 8Zn werd opgemeten in de zomer van 2006. Uit schil-
lenmodel berekeningen zal moeten blijken hoeveel B(E2,2{ — 07) sterkte de twee
protonen buiten de Z=28 schil inbrengen en hoe stabiel de N=50 schillensluiting is.
Schillenmodel berekeningen waar proton excitaties over de Z=28 schil zijn inbegrepen
zijn hierin cruciaal.

Coulomb excitatie studies aan dezelfde experimentele opstelling in CERN kunnen uit-
gebreid worden naar bv. z—_9gNi of z_9gFe isotopen om de stabiliteit van de Z=28 schil
te onderzoeken.

Het REX-ISOLDE project zal in de komende jaren uitgebreid worden en de radioac-
tieve bundels zullen naversneld kunnen worden tot 3-5 MeV /u. Dit opent perspectieven
om hoger aangeslagen toestanden te bevolken en Coulomb excitatie te induceren op
isotopen waarvan de bundelintensiteit zeer laag is, aangezien de probabiliteit voor
Coulomb excitatie toeneemt met de energie.

Met een nieuwe detecticopstelling op het einde van de lineaire versneller kunnen in
de toekomst ook transfer reacties onderzocht worden. Dit opent perspectieven om
de tweede 0T toestand rond N=40 verder te exploreren, aangezien deze toestand in
Coulomb excitatie niet geobserveerd kan worden.

Met de komst van een Bragg-detector of een ionisatie kamer kan de fout of de B(E2)
waarde (die vrij groot is door de onzekerheid op de bundelcompositie) gereduceerd
worden. Binnen enkele jaren komt er een massa separator na de lineaire versneller,
zodat het excitatiespectrum van de atoomkernen nog gedetailleerder kan onderzocht
worden.
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